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Abstract
To explore the material properties, electronic structure calculations are very much useful and
can be obtained from the well known density functional theory(DFT) calculations. In the present
thesis, we have focussed on the Fermi surface calculations and try to link the same with other physical
properties. In addition, we have also explored the pressure effect on properties of the system. For the
present study, we have selected different types of compounds which are Ni-based Heusler compounds,
Nb-based A-15 compounds, Sn-based binary compounds and few magnetic compounds(one Zr-based
Heusler compound and other Mn-based compounds).
Electronic structure, mechanical, vibrational properties of Ni-based Heusler compounds, Ni2XAl
(X=Ti, Zr, Hf, V, Nb, and Ta), Ni2NbGa and Ni2NbSn, are presented both at ambient and under
compression. Among the mentioned compounds, Ni2NbAl, Ni2NbGa and Ni2NbSn are experimen-
tally reported as superconductors at ambient and our calculated superconducting transition tem-
perature (Tc) and electron-phonon coupling constant (λep) values are in good agreement with the
experiments. In addition, we have predicted superconducting nature in Ni2VAl with electron-phonon
coupling constant (λep) around 0.68, which leads to superconducting transition temperature (Tc)
around ∼4 K (by using coulomb pseudopotential µ∗ = 0.13), which is a relatively high transition
temperature for Ni based Heusler alloys and are compared with other Ni2NbY (Y = Al, Ga and Sn)
compounds. From the calculated Fermi surfaces, flat Fermi sheets are observed along X-Γ direction
in all the compounds. These flat Fermi sheets exhibit nesting feature, thereby leading to a Kohn
anomaly in the phonon dispersion relation for the transverse acoustic mode TA2 along the (1,1,0)
direction. As pressure increases, change in the number of Fermi surfaces is observed in Ni2NbAl and
a corresponding non-linear decrease in the total density of states is observed under compression in
this compound. Hardening of the phonon modes is observed in all the compounds with increase in
pressure. But in the superconducting Ni2VAl and Ni2NbY (Y = Al, Ga and Sn) compounds, acous-
tic TA2 mode with observed Kohn anomaly, is found to soften with pressure. As a consequence, Tc
and λep vary non-monotonically under pressure in superconducting compounds.
In addition to Heusler compounds, electronic structure calculations of A-15 type Nb3Y (Y = Al,
Ga, In, Ge, Sn, Os, Ir and Pt) compounds are performed at ambient and high pressures. Mechanical
stability is confirmed in all the compounds both at ambient as well as under compression from the
calculated elastic constants. We have observed four holes and two electron Fermi surfaces (FS) for
the compounds Nb3Y (Y = Al, Ga, In, Ge, Sn), two hole and two electron FS for Nb3Y (Y = Os, Ir)
and one hole and three electron FS for Nb3Pt and FS nesting feature is observed at M high symmetry
point and along X-Γ in all the compounds. A continuous change in the FS topology is observed
under pressure in all the compounds which is also reflected in the calculated elastic constants and
density of states under pressure indicating the electronic topological transitions (ETT). The ETT
observed around 21.5 GPa, 17.5 GPa in Nb3Al and Nb3Ga respectively are in good agreement with
the anomalies observed by the experiments. In the case of Nb3Sn, observed ETT is in agreement
with recent experimental anomalies at the pressure around 6 GPa.
Electronic structure and vibrational properties of SnAs and SnSb are presented and analysed
in detail. Total energy calculations show first order phase transition from NaCl structure to CsCl
one at around 37 GPa and 13 GPa for SnAs and SnSb respectively, which is also confirmed from
enthalpy calculations and agree well with experimental work. Phonon dispersion and hence the
electron-phonon coupling, λep, and superconducting transition temperature, Tc, across the phase
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transition are computed for both the compounds. These calculations give an ambient pressure Tc, in
the NaCl structure, of 3.08 K for both SnAs and SnSb in good agreement with experiment whilst at
the transition pressure, in the CsCl structure, a drastically increased value of Tc=12.2 K, 9.18 K is
found for SnAs and SnSb respectively. Calculations also show a dramatic increase in the electronic
density of states at this pressure. The lowest energy acoustic phonon branch in each structure also
demonstrate some softening effects. Electronic structure calculations of the Fermi surface in both
the phases are presented for the first time, together with further calculations of the generalised
susceptibility.
In addition to non-magnetic compounds, we have performed electronic structure calculations
for magnetic compounds Zr2TiAl and Cu2Sb type Mn-based compounds. In Zr2TiAl, total energy
calculations shows antiferromagnetic L11-like (AFM) phase with alternating (111) spin-up and spin-
down layers to be a stable phase among some other types of magnetic configurations with magnetic
moment on Ti being 1.22µB . The phonon dispersion relations further confirm the stability of the
magnetic phase in Zr2TiAl, while the non-magnetic phase is found to have imaginary phonon modes
and the same is also found from the calculated elastic constants. In Zr2TiAl, the magnetic moment
of Ti is found to decrease under pressure eventually driving the system to the non-magnetic phase
at around 46 GPa, where the phonon modes are found to be positive indicating the stability of
the non-magnetic phase. A continuous change in the band structure under compression leads to the
corresponding change of the Fermi surface topology and Electronic Topological Transitions (ETT) in
both majority and minority spin cases of Zr2TiAl, which are also evident from the calculated elastic
constants and density of states calculations for the material under compression. In the case of Mn-
based compounds MnAlGe, MnGaGe and MnZnSb, quasi two dimensional nature is observed from
the Fermi surface calculations. Under compression decrease in the magnetic moment of Mn atom
and change in the band and FS topology is observed in all the Mn-based compounds. Non-linear
nature in the elastic constants is observed under compression in all the compounds. Particularly
in MnZnSb, a sudden drop in magnetic moment is observed at around V/V0 = 0.94 and also a
spin flipping in the total density of states at the same compression is observed. Negative values
in the elastic constants are observed in MnZnSb at the same compression around V/V0 = 0.94
where we find a change in the band and FS topology correspondingly. For MnZnSb, pressure values
corresponding to the compression around V/V0 = 0.94 are in good agreement with experimentally
observed anomalies in the calculations of lattice parameters under pressure, which might imply a
possible structural phase transition or an ETT (which we have discussed in the present work) in
MnZnSb around this compression. Finally we have given the concluding remarks for the complete
thesis work and also presented a discussion regarding the future work.
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Chapter 1
Introduction
One of the most important characteristics of a metal is its Fermi surface (FS), the surface of con-
stant energy in k-space. The Fermi surface can also be known as the equal-energy surface separating
occupied states in quasi-momentum space from empty states (at absolute zero). According to Mack-
intosh [1], ‘a solid with a Fermi surface’ can be called as metal. The importance of the Fermi surface
can also be known by a statement given by Kaganov and Lifshitz [2], the Fermi surface is “the
stage on which the ‘drama of the life of the electron’ is played out”, indicating the key concept that
‘Fermi surface’ is responsible or will illustrate the properties of the materials which are mainly due
to the electrons at the Fermi level. Onsager [3] first described the connection between the magnetic
oscillation and the Fermi surface on the basis of the electron dynamics and the quantum mechanical
concepts. Later the same idea is developed by Lifshitz together with Kosevich [4]. The knowledge
about the FS of a metal is an important tool to understand various properties of a metallic sys-
tem such as structural transition, elastic, magnetic properties etc. First principles band structure
calculations serve as a good source to analyse these above properties which are related to the FS
topology. The geometrical characteristics of Fermi surface, such as the shape, curvature, and cross-
sectional area, are related to the physical properties of metals. For example, the velocity of electron
on the Fermi surface can be estimated from the knowledge of the effective mass, which is calculated
from the cyclotron resonance frequency. Dynamical properties of an electron on the Fermi surface
depends on the shape of the Fermi surface which can guide the electrical properties of a metal with
respect to the Brillouin zone [5]. The discussion regarding the importance of the Fermi surface with
some examples is given in the following section.
1.1 Importance of Fermi surface
Fermi surface topology is very much helpful in explaining the electronic topological transitions(ETT).
According to Lifshitz, the connectivity of the Fermi surface will change at some points, due to various
reasons such as van Hove singularity [6], because of the variation of thermal, static or chemical
pressure [7]. The transition can be brought about either by alloying the material which is changing
the electron per atom ratio or by applying pressure or due to the uniaxial stress. The changes in the
connectivity will be of four types. First, opening up of a electron or hole pocket. Second, closing
of a electron or hole pocket. Third, formation of a neck. Fourth, the pinching off of a neck [8]. A
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change in the Fermi surface topology and its effect on the properties of the electrons motivated both
experimentalists and theoreticians and I. M. Lifshitz [7] named this type of transitions as 2 12 order
phase transition. It became complicated to prove this through experiments and experimental data
interpretations. This resulted in the deceleration on the studies of electronic topological transitions
(ETT) until the discovery of giant anomaly in the thermopower at the vicinity of ETT [9].
Anomaly in the thermopower measurements as a function of concentration is observed in Li-Mg
alloys by Egorov and Fedorov [9]. The reason may be due to the presence of ETT and later it
was confirmed by Bruno et al [10] with the observation of a neck arising in the Fermi surface at
N-point which is at the concentration of Li around 0.80%. In some of the Cd-Mg alloys, anomalies
are observed [11, 12, 13, 14] in the conductivity, thermopower and low temperature heat capacity
values at two different Mg concentration levels of c ∼ 0.11 and c ∼ 0.06. The first one is due to
the appearance of new electron band at L-point and the second is due to the change in the band
topology at K-point.
In some of the heavy fermion systems, the Fermi surface is found to evolve under an applied
magnetic field (see, e.g. [15, 16]) which can be called as ETTs driven by Zeeman effect. In some
compounds, such as URhGe, both ferromagnetism and superconductivity are found to coexist [17]
because of triplet equal-spin Cooper pairs. In this compound, application of magnetic field initially
kills the superconductivity and it reappears at high magnetic field [18]. The Fermi surface in URhGe
was measured by Yelland et al [19] and they reported ETT in this compound by observing the
evolution of Fermi surface as a function of applied magnetic field and also observed the disappearance
of a minority spin Fermi surface pocket with a Fermi velocity (vF ) falling to zero at the ETT. The
change in the Hall coefficient at particular magnetic field agree with the disappearance of a heavy
(small vF ) sheet [20].
In the case of Sr3Ru2O7, metamagnetic behaviour [21] is observed and also the connection be-
tween field induced changes in the Fermi surface across the metamagnetic transition (most likely
due to a van Hove singularity close to the Fermi energy) and the presence of a spin density wave
(SDW) [22] is observed. It is likely that the presence of a SDW could be associated with appearance
of a nested Fermi surface.
In Fe-based High Tc superconductors like Fe-pnictide superconductors, the Fermi surface is play-
ing an important role in relating magnetism and superconductivity [23]. For example in CaFe2As2,
the tetragonal structure gives way to apparently concomitant SDW and orthorhombic transitions
[24, 25] at 170 K. With the application of small pressure the transition is suppressed and supercon-
ductivity appears at low temperature [26] but with the application of high pressures a ‘collapsed
tetragonal’ (cT) phase emerges which is non-magnetic [27]. In the recent studies (e.g. [28, 29]), the
connection between the disappearance of the Γ centred hole pockets at the cT transition with the
disappearance of magnetism and bulk superconductivity is established. To know more about ETT,
a review by Blanter et al [8] can provide more theoretical insight and another review by Bruno et al
[30] can provide several examples.
The Fermi surface topology is also useful to explain anomalies in the phonon dispersion. One
can imagine that a phonon with a wavevector ‘q’ establishes a potential which the electrons will
then try to screen so that the ions are effectively interacting with each other through this screened
potential. Due to this the forces between the ions will change and hence the vibrational frequency
also can change. Kohn pointed that these singularities in the electron response can be reflected
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in the phonon spectra [31]. Later Taylor [32] started to examine the effect of the curvature of the
Fermi surface on Kohn anomalies. After that Afanas’ev and Kagan [33] examined the flat nature of
the Fermi surface and reported that they will have more effect on the Kohn anomalies and called
them as ‘nested Fermi surfaces’. In general, Fermi surface nesting describes the situation in which
different sheets of Fermi surface or different parts of the same sheet can be made to coincide through
a translation of some particular ‘q’ vector. It is also observed that the logarithmic divergence in
the bare susceptibility (which is coming from the perfectly nested planar Fermi surface) will have a
smooth peak for finite curvature.
An electronic instability which is known as Peierls transition at zero temperature in one dimen-
sional crystal occurs because of the perfect nesting in a one-dimensional Fermi surface. For a long
time the CDWs in the metal are commonly interpreted within the Peierls picture, associating the
appearance of CDWs in metals with the presence of nesting in the Fermi surface. After a while
Mazin and Johannes [34] cast a doubt whether the Fermi surface nesting could be responsible for
the formation of CDWs only in one-dimension (which was where Peierls first made his observation)
or higher dimensions also, and they pointed out that the Peierls mechanism is very weak in one
dimension. In recent work done by Zhu et al [35], the classification of CDWs changed based on the
mechanism behind their formation. Here they proposed two types of CDWs. Type I is due to Fermi
surface nesting and type II is due to ‘q’ dependent electron phonon coupling.
Some alloys will remember their previous forms when subjected to some external pressure or
temperature [36] and the materials are called as shape memory alloys. Some of these materials
may transform to martensite phase at low temperatures. These transitions are preceded by ‘pre-
martensitic’ phenomena like strong phonon softening, diffuse scattering in electron diffraction well
above the actual martensitic transformation, and are believed to have a common origin associated
with Fermi surface nesting [37]. In the case of β-phase NiAl shape-memory alloy, calculations of the
electronic structure and the phonon dispersions indicated that the softening was linked with a nest-
ing feature in the Fermi surface [38], subsequently identified experimentally by Dugdale et al [39].
Similar conclusions were drawn for Ni-Ti [40] and AuZn [41]. There also exist some ferromagnetic
shape memory alloys, like the Heusler alloy Ni2MnGa, which is the most well-known example [42].
For these alloys, an external magnetic field can provide the stimulus required for the alloy to change
its shape. With a Curie temperature of about ∼380 K , the premartensitic and martensitic trans-
formations occur within the ferromagnetic state (∼250 K and ∼220 K , respectively). The exchange
splitting, and therefore the Fermi surface topology will be evolving as a function of temperature,
something not taken into account in earlier investigations of Fermi surface nesting [43]. Calculations
of bare susceptibility is one of the way to know the nesting feature at particular ‘q’ vector. Lee et al
calculated the bare susceptibility as a function of the saturation magnetisation [44] and proved that
one particular nested sheet of Fermi surface is promoting the premartensitic phonon softening [45],
and caused the system to undergo martensitic transformation. Experimentally, the Fermi surface of
Ni2MnGa was reported by the positron annihilation experiments of Haynes et al [46], revealing the
nesting vectors that could be compatible with the premartensitic ordering.
As mentioned above, Fermi surface plays an important role in explaining the different physical
properties of the metallic systems. These physical properties vary under the application of external
stimuli like pressure, temperature, etc. In the present thesis we have applied uniform pressure on
the studied compounds and observed its importance in the physical properties of metallic systems.
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In the following section we have discussed how the application of pressure will effect the physical
properties of the systems.
1.2 Application of pressure and it’s importance on the phys-
ical properties of solids
Pressure is a thermodynamic variable which plays an important role in solid state physics. Applying
high pressure is a powerful tool to understand the properties of materials. Pressure can affect the
interatomic distances while leaving the thermal energy of the system invariant. The basic effect of
pressure is compression of the material which leads to the overlapping of adjacent atomic orbitals.
This will affect the electronic properties by means of broadening of the bands, delocalization of
electrons, decrease in the magnitude of the forbidden gap between the bands. These changes will
be reflected in the variation of electrical resistivity of semiconductors, insulators, semi metals and
metals. The synthesis of materials like diamond and Boron nitride under high pressure is one of
the important industrial applications of high pressure. In the field of superconductivity, pressure
induced superconductivity is an important phenomenon in the field of high pressure research. Some
of the pressure induced effects are given in the following.
One of the interesting area in high pressure research is pressure induced metallisation. Met-
allisation pressure of Iodine is around 20 GPa, Xenon is around 130 GPa, Hydrogen is above 300
GPa and Cesium iodide (CsI) is predicted to be metallize around 80 GPa [47]. Recently, pressure
induced metallization at around 60 GPa with absence of structural transition is observed in layered
molybdenum diselenide(MoSe2) [48]. Very recently, Zhou et al [49] observed pressure induced met-
allization and superconducting phase in ReS2 at around 90 GPa with super conducting transition
temperature around 2K.
Another interesting phenomenon in the high pressure research is structural phase transitions
in solids. A phase transition from NaCl phase to CsCl phase is observed [50] in some of the rare
earth tellurides CrTe(4.8), PrTe(9.5), NdTe(22.9), PmTe(8.1), SmTe(9.6), EuTe(13.0), GdTe(25.2),
TbTe(9.5), DyTe(3.1), HoTe(46.6), ErTe(12.7), TmTe(14.9) and YbTe(17.7) compounds with cor-
responding pressure values given in brackets in the units of GPa.
Pressure induced valence transition which occurs due to the delocalisation of electrons is another
active area of research in the high pressure field. For example, in some rare earth chalcogenide
compounds like SmS(0.65), SmSe(1.5-4), SmTe(2-5), TmTe(1.5-3), YbTe(15-20) the valence of the
rare earth ion changes from divalent(2+) to trivalent(3+) state under pressure [51]. In the case
of EuO [52] a divalent to an intermediate valence state, with the resulting effective valency of
2.35 is observed above 48 GPa pressure. In the case of AgO, Chunju Hou et al [53] observed
a pressure induced semiconductor to metal transition at around 75 GPa and at around 77 GPa
structural transition from monoclinic (P21/c) to trigonal (R3¯m) is observed along with a valence
state transition from the mixed-valence state to a single-valence state.
Another important observation is electron transfer form ‘s’ to ‘d’ states with the application of
pressure. In alkali and alkaline earth metals, pressure induced ‘s-d’ electron transfer is observed.
The pressure dependence of Tc from high pressure electrical resistivity study and the band structure
calculations have revealed the ‘s-d’ transfer of electrons in the elements like Ba, Ca and Sr[54].
In general, it was shown that the pressure induced superconductivity among the transition metals
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is related to a change in the electronic band structure namely ‘s-d’ transfer which results in the
enhancement of Tc. In many of band structure calculations ‘s-d’ transfer is a common feature under
pressure. As pressure increases ‘s’ bands will tend to move towards the ‘d’ bands. Because of this
the spacing between ‘s’ and ‘d’ will reduce and the probability of electron transfer form ‘s’ to ‘d’
will increase which causes increase in ‘d’ band occupancy. This process is known as ‘s-d’ transfer of
electrons. In metals, valence ‘d’ electrons are relatively localized compared to ‘s’ and ‘p’ electrons.
If we give a small energy to ‘s’ electrons in the form of pressure, these ‘s’ electrons will transfer to
‘d’ states which will affect the other properties of the systems under pressure.
Pressure has long been known to have a profound effect on the superconducting properties of
elements and compounds [55, 56]. After the discovery of superconductivity in Hg, several thousand
materials have been found to be superconductors which includes pure elements as well as their alloys.
Many of them become superconductors under certain conditions like high pressure, thin films and
amorphous state. The importance of high pressure in the field of superconductivity was realized
after the discovery of superconductivity to be around 30 K in La-Ba-Cu-O system by Bednorz and
Mu¨ller [57] in the year of 1986. For the same system, Chu et al[58] in 1987 showed that the critical
temperature Tc increases from 30 K to above 40 K by applying a pressure of around 1.5 GPa. In the
same year, another discovery of 90 K superconductivity was reported in Y-Ba-Cu-O system by Wu
et al [59]. There is no categorical rule guiding the dependence of Tc on pressure. There are several
elements that become superconducting under pressure. These include semiconductors like Si, Ge and
Sb which exhibit metallic character under pressure and metals like Sc, Y, Ce and U which belong
to transition and lanthanide-actinide series in the periodic table. Among non-transition metals,
except thallium, all others show a decrease in Tc under pressure. In thallium, Tc increases upto
20 kbar and then decreases with increase of pressure. Sn undergoes a structural phase transition
under pressure and in both of its phases, Tc decreases as pressure increases. In SnO, Forthaus et
al [60] observed the appearance of a superconducting phase under pressure which is having dome
like phase diagram with a maximum Tc value of 1.43 K at around 9.3 GPa and also found the
disappearance of superconductivity above the pressure of 16 GPa. In metals, at the beginning of the
transition series like Ti and Zr, positive values of dTc/dp are observed. The pressure dependence
of N(EF ) in transition metals can be determined by the dependence of N(EF ) on the number of
valence electrons Ne [61]. Tc will rise when (dN(EF )/dNe)>0 and Tc decreases if (dN(EF )/dNe)<0.
According to this, dTc/dp in Ti and Zr should be positive and in Ta and Nb, it should be negative.
This exactly agrees with the experimental results. However, this simple argument does not account
for the experimental observations on the pressure dependence of Tc in V and Mo. Thus, there
is no universal behaviour in the variation of Tc under pressure. Recent studies achieved a world
record in high superconducting transition temperature with a value of 203 K at the pressure of 200
GPa by Drozdov et al [62] in H2S highlighting the importance of pressure in the investigation of
superconductors.
In the present thesis we have discussed the importance of the Fermi surface to understand the
physical properties of the studied systems and how these properties will change with the application
of pressure. In the next section we have given the overview of the studied compounds.
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1.3 Overview of the compounds of present study
1.3.1 Heusler compounds
The Heusler class of materials are well known for their plenty of applications ranging from spintronic
to thermoelectric and superconductors to topological insulators due to their wide range of material
properties that can be engineered. Because of this researchers are showing a lot of interest on these
type of compounds. Upto now more than 1000 Heusler compounds were prepared which are having
a multitude of different properties. These Heusler compounds seem to be the material of choice
for many applications because of their tunable electronic structure properties. This helps in the
design of materials with desirable properties from half-metallic ferromagnet [63, 64] over completely
ferrimagnet [65] to non-magnetic semiconductors [66, 67]. In the present days, the search of new
materials for spintronics applications was growing within the Heusler class of compounds which was
started before 30 years [63]. These materials have passionate applications in spintronics [68, 69, 70],
optoelectronics [71], as shape memory [72] alloys and as superconductors [73, 74]. Over the past
few decades, new areas of applications emerged comprising the environmental technologies such
as thermoelectric [75, 76] and solar cell applications [77]. Recently, a new trend in the material
properties which belong to new quantum state of matter is observed [78, 79]. These materials are
named as topological insulators and are having technological importance due to the conduction of
electrons being extremely high because of its surface states and might attract application in high
performance electronic systems. This could be one of the future research perspective on Heusler
compounds enabling them to be more productive.
Ternary intermetallic Heusler compounds can be represented with general formula XY Z (known
as Half-Heusler) or X2Y Z, where X and Y elements generally belong to transition metals (having
‘d’ states) and Z belongs to main group element. In 1903 Fritz Heusler [80, 81] discovered these
class of materials. Important feature of these compounds is, the properties of the total system
is completely different from the properties of the individual elements contained in this type of
compounds. For example, if we consider the compound Cu2MnAl, which is reported as magnetic
none of its constitutional elements possess magnetic order independently. Similarly, in another
compound TiNiSn, which is reported to have semiconducting nature all it’s constitutional elements
posses metallic character [82]. The count on the number of these type of compounds is endless and
can be prepared by mixing all the elements in the periodic table and leading to several applications
and need to be explored.
Early reports on Heusler phases appear in the context of X2MnZ alloys, where X = Ni, Pd, Au
and Z = Al, Si, Ga, Ge, In, Sn, Sb, with a particular focus on their chemical and magnetic order, and
on an ordering transition that can be induced by composition, temperature, or pressure. Remark-
ably, a ferromagnetic to antiferromagnetic transition was observed in Pd2MnIn1−xSnx. Webster and
coworkers [83]were the first to explore the magnetic properties of Co2MnZ compounds, which they
stated were quite different from previously studied Heuslers, as the former compounds incorporate
elements other than Mn that carry a substantial local magnetic moment. After this Ishida et al [84]
first began exploring half metallic ferrimagnets in Co2-based Heusler compounds, such as Co2MnSn,
Co2TiAl, and Co2TiSn. In addition, NiMnSb, Co2MnSi, Mn2VAl attracted a lot of attention, as
it was identified early as a half metallic ferrimagnets by numerical methods. Nevertheless, experi-
mental and theoretical studies have focused largely on the Co-based compounds. Renewed interest
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in the Mn-based compounds was triggered by the discovery of structurally distorted cubic systems:
namely the tetragonally distorted Heusler compounds. The most renowned member, Mn3Ga, which
is known as tetragonal Heusler material, was already explored in the 1970s itself, yet the potential for
spintronic applications was not recognized until the late 2000s. Among the Mn-based Heusler com-
pounds, a particularly interesting material is Mn2CoAl, which is the first example of a spin-gapless
semiconductor in the Heusler family of compounds. After this CoFeCrAl, CoMnCrSi, CoFeVSi,
FeMnCrSb and FeTiVSi are predicted to be spin-gapless semiconductors. Among the Heusler fam-
ily, shape memory materials Ni2MnGa and Mn2NiGa have particular interest for their reversible
structural phase transitions from cubic to tetragonal lattices.
Among the Heusler alloys, Ni based compounds Ni2XAl (X=Ti, Zr, Hf, V, Nb, and Ta), Ni2NbGa
and Ni2NbSn attracted much because of there paramagnetic nature. Though the Heusler compounds
are well known for their ferromagnetic properties, it is interesting to note the existence of paramag-
netic compounds, one among them is the above mentioned series Ni2XAl [85]. Ni2TiAl and many
other Ni-based compounds have been explored from various perspective, eversince it was found
that the high temperature creep resistance of NiAl could be improved by Ti addition [86], which
stabilized the compounds in the Heusler type structure. The structural properties of Ni2TiAl was
further studied experimentally by Taylor and Floyd [87], using X-rays and electron spectroscopy and
Umakoshi et al [88] further confirmed Ni2TiAl to have small lattice mismatch with B2 phase and
found the same to possess good stability. This series attracted further interest and a complete phase
diagram of Ni2TAl (T = Zr, Nb and Ta) was obtained by Raman and Schubert [89]. Theoretical
insight on the above mentioned series was also provided by Lin and Freeman [85] further substanti-
ating the stability of L21 structure of Ni2XAl (X = Zr, Nb and Ta). Further, Da Rocha et al. [90]
have reported the specific heat and electronic structure of the above mentioned series. Among those
compounds, Ni2NbAl, Ni2NbGa and Ni2NbSn are experimentally found to be superconductors with
superconducting transition temperature(Tc) 2.15 K [91], 1.54 K [91] and 2.9 K [91] respectively. All
the above literature explain the importance of Heusler alloys and a chapter of this thesis deals with
the same as discussed in the subsequent section. In our work the key point is the prediction of su-
perconducting nature in Ni2VAl compound and it is compared with other superconducting Heusler
compounds Ni2NbAl, Ni2NbGa and Ni2NbSn.
1.3.2 A-15 compounds
A-15 compounds are having Cr3Si type crystal structure and can be indicated with formula A3B,
where A belongs to transition metal and B can be any element in the periodic table. The A3B
type intermetallic compound Cr3Si is discoverd by Boren et al in 1933 [92]. Even though several
other compounds with same A-15 structure were discovered in later years, no research interest was
found among the researchers until the discovery of superconducting vanadium silicide V3Si with
superconducting transition temperature around 17 K in 1953 [93]. Later several superconductors
were found and among them Nb-Ge have the highest Tc of 23.2 K [93] and was highest until the
discovery of cuprate superconductors. The discovery of superconductivity in Nb3Sn by Matthias
et al [94] attracted further importance. Nb3Sn is used to produce high magnetic field applications,
for example, NMR spectrometers and high end MRI scanners. To get the magnetic fields above 10
Tesla doped Nb3Sn are pretty much useful. The interest in these A-15 compounds are not only due
to the rather high Tc but also their high critical current density and critical magnetic field, along
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with acceptable mechanical properties make them viable for applications. Some of these compounds
undergo cubic to tetragonal martensitic transformation near to their superconducting transition
temperatures Tc [95]. For example, the martensitic transition temperatures of V3Si (21 K) and
Nb3Sn (45 K) are close to their respective superconducting transition temperatures of 17 K and 18
K. Acoustic phonon instabilities were found to be responsible for martensitic transition in previous
studies [96]. A similar behaviour was also seen in Nb3AlxGe1−x [97], V3Ga [98, 99], V3Ge [99] and
Nb3Al [100] compounds. Experiments [101] also indicated a dimerization of the transition-metal
chains accompanied by a tetragonal distortion of the lattice during the transformation. It has been
proposed that the tetragonal transformation is driven by band Jahn-Teller like mechanism. These
A-15 compounds exhibits different behaviour in electronically derived properties at low temperatures
such as knight shifts, electrical resistivity etc [102]. This unusual behaviour of various properties of
A-15 family compounds has been related to the sharp peak in electronic density of states near to
the Fermi level arising from the ‘d’ states of the transition metal atoms [102]. To know more about
the A-15 compounds a review on ‘superconducting A-15 compounds’ by Dew-Hughes [103] is very
much helpful. Hence it is clear that the properties of these compounds are mainly related to their
electron behaviour and can be understood from the electronic structure details.
For the present study we are considering Nb3Y (Y = Al, Ga, In, Ge, Sn, Os, Ir and Pt) com-
pounds. First principle electronic structure calculations are performed to visualise the Fermi surface
for the above mentioned compounds and to evaluate how the FS topology changes with applied pres-
sure leading to ETTs in the present compounds at different compressions and the pressure values
are comparable with available experimental reports.
1.3.3 Binary Sn-based compounds
Binary compounds with AB type have particular interest because of their structural phase transition
with the application of pressure. In the case of lanthanide monophosphides LnP (Ln = La, Ce, Pr,
Nd, Sm, Gd, Tb, Tm and Yb), the phase change occurs at pressures around 25-50GPa [104]. In the
case of the calcium chalcogenides like CaS, CaSe and CaTe, it is observed at 40GPa, 38GPa and
33GPa, respectively[105]. A similar transition is also observed in IIIB-nitrides (ScN, YN) and IIIA-
nitrides (GaN, InN) [106]. In the case of AgBr, an intermediate KOH-type structure is also observed
from 8 to 35GPa [107] between the NaCl-type and CsCl-type structures. The semiconducting family
of tin based monochalcogenides, SnCh (Ch = O, S, Se, Te), have band gaps ranging between 1.1
and 2.9 eV and lone pair effects in these compounds have been studied by Lefebvre et al [108].
In these compounds, if A is from IIIrd group elements and B is from Vth group elements, then the
properties of the compounds is closely related to group IV elements. These individual type elements
(III group, V group) have purely covalent nature of bonding, but the compounds formed from these
elements are having some additional ionic bonding nature. In the case of BN, the structure is
analogous to that of graphite. There are some similarities between the phase transformations of
BN and of carbon. At high-pressures zincblende BN (borazon), which is analogous to diamond, will
become wurtzite form analogous to lonsdaleite(called as hexagonal diamond). In the compounds III-
V (AlSb, GaP, GaAs, GaSb, InP, InAs, InSb) and II-VI (ZnS, ZnSe, ZnTe, CdTe) a phase transition
is observed from diamond or zincblende type to β-Sn or NaCl type structure under pressure [109].
In present work we have chosen SnAs and SnSb which are non-transition metal binary compounds
and are found to have superconducting nature at ambient condition. These compounds are found to
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be stable in NaCl type at ambient and undergo a phase transition from NaCl to CsCl type with the
application of pressure. In 1984, Losev et al [110, 111] used x-ray diffraction to observe the NaCl to
CsCl structure transformation in SnAs at a pressure of around 32GPa with an associated volume
discontinuity of around 5%. Recently, superconductivity was reported in NaCl-type SnAs by Wang
et al [112] with a superconducting critical temperature, Tc, of 3.58K and electron-phonon coupling
constant, λep, to be around 0.62. Calculations, using density functional theory (DFT) and density
functional perturbation theory (DFPT), have also been performed by Tu¨tu¨ncu¨ et al [113] on NaCl-
type SnAs to investigate the electronic structure and hence the electron-phonon coupling, finding
good agreement with experimental work. Further DFT calculations by Shrivastava et al [114] showed
the effect of pressure on the electronic structure of SnAs, further demonstrating the structural change
that occur. Recently Hase et al [115] reported that the moderate charge fluctuation and electron
phonon interaction is the cause for superconductivity at ambient pressure. SnSb is useful in energy
storage applications [116] and also posses NaCl type structure as ground state and it is observed
to undergo a phase change at high pressures from NaCl to CsCl type structure. DFT calculations
by Shrivastava et al [117] has shed light on the effect of pressure on the electronic structure of
SnSb, further demonstrating the structural change that occurs. In this work we have predicted
the superconducting nature in the high pressure phase of both SnAs and SnSb compounds and the
values are found to be higher compared to ambient NaCl phase in both the compounds. We have
also observed the change in the FS topology at the phase transition in both the compounds which
is discussed elaborately in this work
1.3.4 Mn-based Cu2Sb type magnetic compounds
Cu2Sb compounds crystallizes in a tetragonal structure with space group P4/nmm (with multiplic-
ity Z = 2). In this Cu atom possess two non equivalent sites, Cu(I) and Cu(II). Literature regarding
the crystal chemistry is well established and can be found in ref. [118]. Antiferromagnetic nature is
observed in Cu2Sb compound with a Ne´el temperature around ∼373 K [119]. Later it was shown
to be nonmagnetic [120] by using solid state NMR experiments. For the same compound, supercon-
ductivity is also reported with a value of around ∼0.085 K [121]. Among these Cu2Sb type, M2Pn
(M = transition element and Pn = Pnictogen) compound is found to possess remarkable magnetic
properties. Similar type compound, Mn2Sb is found to be ferrimagnetic with Ne´el temperature
around ∼550 K [122] and M2As (M = Mn, Cr and Fe) compounds are found to be antiferromagnetic
with Ne´el temperature 573, 393 and 353 K respectively [123].
Among the various kinds of Cu2Sb type compounds Mn2Sb becomes ferrimagnetic below TN=550
K. The spin ordering of the ferrimagnetic state is an antiparallel arrangement of unequal magnetic
moments associated with two kinds of manganese atoms (Mn(I), Mn(II)) present in the unitcell.
The magnetic moment of Mn(II) is antiparallel to that of Mn(I) and the value of the former is much
larger than that of the latter.
In the present work, we have taken MnAlGe, MnGaGe and MnZnSb compounds which are having
the same tetragonal Cu2Sb-type. These compounds are derived from Mn2Sb which is ferrimagnet
with a Ne´el temperature of 550 K, where Mn atoms have inequivalent sites, MnI and MnII. By
doping MnII atoms with non-magnetic elements like Al, Ga and Zn, we can get the ternary MnAlGe,
MnGaGe and MnZnSb compounds. These compounds are reported to be ferromagnet with Curie
temperature 503, 453 and 320 K respectively for MnAlGe, MnGaGe and MnZnSb. From the crystal
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structure point of view, the magnetic Mn layers are separated by two non-magnetic layers containing
elements Al-Ge or Ga-Ge or Zn-Sb which projects these layered compounds to possess nearly two
dimensional magnetic nature. The distance between Mn-Mn along a or b-axis(inplane) is equivalent
with lattice parameter ‘a or b’ and along ‘c’ axis(out of plane) is equivalent to lattice parameter ‘c’.
In these compounds, as length of ‘c’ axis increases Curie temperature is also found to increase [124]
indicating the importance of interlayer distance along ‘c’ axis, in raising the Curie temperature.
These Mn-based magnetic materials of present study are ferromagnetic with a large uniaxial
magneto crystalline anisotropy with the easy axis along tetragonal ‘c’ axis. These type of materials
have useful applications in spintronic devices [125]. To study the application of MnAlGe in magneto-
optics field, Sherwood et al [126] prepared the polycrystalline thin films and found to have promising
application in magneto-optical devices. These systems can be used in magneto-optical devices for
the storage of large amount of information. Particularly present compounds are suitable for storage
applications [127] with a capacity of 107 bits/cm2. Apart from the above mentioned studies, self-
consistent band structure calculations were performed by Motizuki et al [128] and confirmed that
the magnetic moments arise from the itinerant electrons. Later quasi two dimensional magnetism
in MnGaGe is observed by Mohn and Schwarz [129]. In 2006, kimura et al [130] confirmed a strong
two dimensional nature in these compounds from the calculated Fermi surfaces particularly for spin
down case.
In 1963, Velge and De Vos [131] observed the influence of milling on the magnetic properties
of MnAlGe, where the saturation magnetisation and the coercivity decrease appreciably after the
mechanical loading which does not involve a reduction in particle size and concluded that structural
imperfections may lead to the decrease in the coercivity. After that, a linear decrease in the ‘a’
and ‘c’ lattice parameters is observed with increasing pressure upto 4 GPa in both MnAlGe and
MnGaGe by Kanomata et al [132]. In the case of MnZnSb Mastuzaki et al [133] studied the effect
of pressure on Curie temperature and lattice parameters up to 8 GPa and observed anomalies in the
pressure ranges between 4.2 to 6 GPa. In the present compounds increase in the Curie temperature
is observed with pressure. The values of dTc/dP is found to be 32 K/GPa, 30 K/GPa and 28 K/GPa
for MnAlGe [134], MnGaGe [135] and MnZnSb [133] respectively and superexchange between Mn-
Mn atoms is the reason for the positive pressure effect on Curie temperature in these compounds.
In our work we have focussed on the electronic structure and FS topology of these compounds both
at ambient and under compression and found the enhancement of the quasi two dimensionality from
the FS calculation under compression.
1.4 Overview of the thesis
In the present thesis we have studied the importance of Fermi surface in explaining the physical
properties for different types of compounds at ambient conditions and how the application of pressure
will effect the Fermi surface and other physical properties of the studied compounds. We have paid
attention to different types of compounds which possess varied applications. We have initiated the
present work through the state-of-art Density Functional Theory (DFT), and the present thesis
work is organised as follows. The first chapter includes importance of Fermi surface and pressure
effect on the Fermi surface and other physical properties of the systems. The remaining part of the
thesis is divided into three parts, the first part describes the methodology used for the calculations
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which forms the chapter 2. The second part contains the results and discussions of the investigated
compounds which are presented in chapters 3 - 6. Final part includes the conclusions and future
plans and are presented in chapter 7. A precise note on all the chapters of the present thesis is given
below.
In chapter 2, a light description of several approximations is presented for finding the solu-
tion of interacting many-particle systems which is too complicated. Solving the Schrodinger equa-
tion is very important to understand the behaviour of the system which is having wave functions,
ψ(r1, r2, r3, .....rN ), with 3N variables(where N is the number of particles). But it is difficult to solve
the quantum mechanical problem with too many degrees of freedom. Thereafter several approximate
methods evolved to model the interacting many-particle systems such as Hatree-Fock method, aug-
mented plane wave method, orthogonalized plane wave method etc. In 1960s accurate and improved
calculations are done on electronic structure after the density functional theory (DFT) based on the
Hohenberg-Kohn theorem came to existence. Since 1990, the electronic structure calculation based
on the density functional theory has a great success in determining the ground state properties and
became more popular in condensed mater physics, chemistry and material science. DFT now serves
as an excellent tool to have a basic and quantitative understanding of solids in condensed matter at
microscopic level since it is based on quantum theory. In this chapter we have described the details of
DFT and the full-potential linearised augmented plane wave method and pseudopotential method as
implemented in WIEN2k and PWSCF code and an overview of the exchange-correlation functional
such as local-density approximation (LDA) and generalized gradient approximation (GGA) is also
presented.
We have presented the results of investigated compounds in four chapters. Among them, chapter
3 deals with Ni-based Heusler compounds, chapter 4 deals with Nb-based A-15 type compounds,
chapter 5 deals with binary Sn based compounds and chapter 6 deals with magnetic compounds.
In chapter 3, we have discussed the electronic structure, elastic, Fermi surface, vibrational prop-
erties of Ni2XAl (X=Ti, Zr, Hf, V, Nb, and Ta), Ni2NbGa and Ni2NbSn compounds at ambient
conditions and under compression. Along with this, we have predicted superconducting nature in
Ni2VAl and compared with Ni2NbAl, Ni2NbGa and Ni2NbSn compounds which are experimen-
tally reported as superconductors at ambient. Pressure effect on the superconducting nature is also
studied.
In chapter 4, we have elaborated the discussion regarding electronic structure and Fermi surface
topology in Nb3Y (Y = Al, Ga, In, Ge, Sn, Os, Ir and Pt) compounds at ambient conditions. Under
compression electronic topological transitions are observed in all the compounds and are analysed
with help of change in the Fermi surface topology.
In chapter 5, we have presented the electronic, Fermi surface, elastic and superconducting prop-
erties of binary SnAs and SnSb compounds both at ambient and with applied pressure. A phase
transition form NaCl to CsCl type is observed in both the compounds at different pressures and
also enhanced superconductivity in the CsCl phase is observed compared to ambient NaCl phase in
both the compounds.
In chapter 6, we have discussed the electronic structure, magnetic, elastic properties of Zr2TiAl
and Mn-based MnAlGe, MnGaGe and MnZnSb compounds both at ambient and under compression.
First time in the literature, we are reporting the magnetic ground state in Zr2TiAl compound at
ambient which is also confirmed from the phonon calculations. Under compression a magnetic to
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non-magnetic phase transitions is observed in Zr2TiAl (at V/V0=0.75). This magnetic to non-
magnetic phase transition is confirmed from the calculated magnetic moment, Fermi surface and
phonon dispersion curves under compression. In the case of Mn-based compounds a quasi two
dimensional nature is observed from the Fermi surface calculations. Under compression decrease
in the magnetic moment of Mn atom and change in the band and FS topology is observed in
all the Mn-based compounds. In MnZnSb, negative values in the elastic constants are observed
under compression which may be related to phase transition or can demonstrate an ETT . At the
corresponding compression we have observed a change in the band structure and Fermi surface
topology and the pressure values corresponding to these anomalies are in good agreement with the
available experiment values.
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Chapter 2
Methodology
This chapter deals with the methodology that is used for the electronic structure calculations of the
present investigated compounds. The discussion starts with the many-body problem of solids and
proceed further to get the solution by using quantum mechanical approach by solving the Schro¨dinger
equation. A brief discussion about Density Functional Theory (DFT) is added which is a practical
tool used in solving the many-body equation. Finally, we have given different exchange correlational
functionals which are used to calculate the electronic structure properties.
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2.1 Quantum Many body problem
One of the main goals of physics is to find the physical properties of interacting many body systems
by using electronic structure, which is a spacial density of electron distribution in the solid and quasi
particle spectrum. Researchers try to derive the properties using the laws of quantum mechanics.
Computing the exact ground state and exited states is the precise solution of the many particle
system.
The solids are considered to be tightly packed regular and periodic arrangement of atoms (usually
∼ 1023) with strong interaction among them. These interactions lead to various physical properties
of solid such as electrical, mechanical, magnetic, thermal, optical properties etc. To understand
these properties more precisely, we need to understand the possible interactions that exist within a
solid. The interactions within the solids are, nucleus-nucleus, nucleus-electron and electron-electron,
which are the major interactions one need to count in the solids. All these interactions will lead to
give the total energy called as “Hamiltonian” of the solid, which is given as follows:
H = TN + Te + VN−e + VN−N + Ve−e (2.1)
Here H is the Hamiltonian of the system, T and V stands for the kinetic and potential energies
respectively. ‘N ’ indicates nucleus and ‘e’ stands for electrons. VN−N and Ve−e are the Coulombic
repulsive potential energy between nucleus-nucleus (N−N) and electron-electron (e−e), respectively.
VN−e is the nucleus and electron Coulombic attractive potential energy. The Hamiltonian equation
2.1, is only for a single atom which gives the possible information about the interactions among
them. In general, a solid will have almost ∼ 1023 atoms. In order to get the information about a
solid one need to solve 1023 number of equations, which requires a huge effort. Solving these many
equations within the limits of classical approximations is a challenging problem which is framed as
“Many-body problem”. To solve this problem, various approximations and mechanisms are derived.
Here we have discussed one of the possible ways to get the solution through quantum mechanical
method using the density functional theory (DFT).
Quantum mechanical approach to many-body problem
The properties exhibited by solids are basically from electrons, nucleus. To understand the micro-
scopic interaction in the solids, quantum mechanical approach is essential. Considering the solids
with ‘M ’ number of nuclei with Ith, J th nucleus positioned at RI , RJ , respectively and ‘N’ number
of electrons with ith, jth electrons positioned at ri, rj , respectively, the Hamiltonian for this system
as given by
Ĥ = −1
2
M∑
I=1
▽2I
MI
−1
2
N∑
i=1
▽2i
mi
−
M∑
I=1
N∑
i=1
ZI
|RI − ri|+
N∑
i,j=1
i 6=j
1
|ri − rj|+
M∑
I,J=1
I 6=J
1
|RI −RJ | (2.2)
where ZI is the atomic number and MI , mi are the atomic mass of the nuclei and electrons respec-
tively. The first two terms represent the kinetic energies of the nuclei (T̂N ) and the electrons (T̂e)
respectively. The third term is the attractive Coulombic interaction between the electrons and the
nuclei (V̂N−e) and finally the last two are the repulsive Coulombic terms for the nuclei (V̂N−N ) and
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electrons (V̂e−e). In-short, the above equation can be written as
Ĥ = T̂N + T̂e + V̂N−e + V̂N−N + V̂e−e (2.3)
The solution for this Hamiltonian can be obtained by solving the time-independent Schro¨dinger
equation (SE) given as
Ĥψ(r, R) = Eψ(r, R) (2.4)
where ψ(r,R) is the many-body wave function which depends on the positions of the particles in
the system, E is the energy of the many-body system. However the equation represented here
look very simple but it involves 3M and 3N number of nuclei and electrons. To get an reasonable
solution to this many-body equation, one need to look for the approximations. In the next section
we have presented the possible approximations that are considered to reduce the complexity of this
many-body problem.
2.1.1 Born-Oppenheimer approximation
The first approximation to the many-body problem was given by Born-Oppenheimer. According
to this approximation, the nuclei and electrons are differentiated by considering the mass difference
among them. This approximation states that the nuclei with heavier mass can be considered to be
fixed in space from the perspective of electrons [136]. The nuclei at rest induce a constant Coulombic
potential on the electrons. This inherently decouple the nuclei kinetic energy as zero and potential
energy term (V̂N + V̂N−e ≈ Vext) as constant from the many-body equation. The Hamiltonian after
the Born-Oppenheimer approximation is given by,
Ĥ = T̂e + V̂e−e + Vext (2.5)
With this approximation the complexity of the many body problem reduces, but solving this also
need more efforts. Further approximations are made on this in order to reduce the complexity of
the problem.
2.1.2 Hartree approximation
In the Born-Oppenheimer approximation the complex term included in equation 2.5 is the electron-
electron interaction term i.e. the potential energy of the electrons. According to Hartree approx-
imation, the non-interacting nature of the electrons reduce the complexity of the Hamiltonian of
Born-Oppenheimer approximation. According to this approximation, the total electron-electron
potential can be written as the sum of individual particle potential,
VH =
N∑
i=1
Vri (2.6)
This approximation is also known as the individual particle approximation. With this approximation
the many-body wave function ψ(r1, r2, r3, .....rN ) will become ψ(r1, r2, r3, .....rN ) = φ1(r1)×φ2(r2)×
φ3(r3) × ..... × φN (rN ) (φ(r) represents the electron wave function), i.e total wave function can be
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represent as multiplication of individual electron wave functions. With Hartree approximation, the
Hamiltonian can be written as,
Ĥ = T̂e + Vext + V̂H (2.7)
where VH is the Hartree potential as mentioned by equation 2.6, which will reduce the complexity
of many-body ‘3N’ equation into a ‘N’-one electron equation. Though this makes the many-body
problem simple, it failed to include the anti-symmetric nature of electron (Fermionic) and also the
electron-electron interaction. We need further approximations to consider the fermionic nature in
the electron wave function.
2.1.3 Hartree-Fock approximation
To overcome the above mentioned drawbacks further development on the N-one electronic Schro¨dinger
equation has been initiated with the consideration of Coulombic and anti-symmetric nature of elec-
trons. The Hartree-Fock (HF) approximation assumes that the interacting anti-symmetric electrons
wave function can be treated with the single Slater determinant. The wave function with Slater
determinant can be written as,
ψ(r1, r2, r3, .....rN ) =
1√
N !
∣∣∣∣∣∣∣∣∣∣∣∣
φ1(r1) φ2(r1) φ3(r1) ... φN(r1)
φ1(r2) φ2(r2) φ3(r2) ... φN(r2)
. . . ... .
. . . ... .
φ1(rN) φ2(rN) φ3(rN) ... φN(rN)
∣∣∣∣∣∣∣∣∣∣∣∣
(2.8)
From the above equation, it is understood that the wave function is anti-symmetric in nature with
respect to the interchange of the any two particles, which explains the exchange interaction of the
electrons. According to the HF approximation the wave function can be expressed as the linear
combination of anti-symmetrised products of one electron states. The HF approximation for the
two electrons system can be written as
ψHF (r1, r2) =
1√
2
[φ1(r1)φ2(r2)− φ1(r2)φ2(r1)] . (2.9)
With this approximation the Hamiltonian of the many-electron system will be
Ĥ = T̂e + Vext + V̂HF (2.10)
where the V̂HF is the corrected version of the HF approximation potential over the Hartree approx-
imation. V̂HF is given by
V̂HF =
∫
vx(r, r
′)φi(r
′
i)dr
′ = −
N∑
j
∫
φj(r)φ
∗
j(r
′)
|ri − rj| φi(r
′
i)dr
′ (2.11)
The equation 2.10 gives the total energy of the N-one electron system which have interactions between
the electrons including the exchange energy. This approximation was successful in describing various
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systems, but failed in achieving the predictive power of the systems because of the poor exchange
and correlation limits of the electrons. To minimise the problem, further approximations are needed.
In this regard, density functional theory has given an optimum solution to the many-body problem
which is explained in detail in the next section.
2.2 Introduction to density functional theory
To minimise the complex nature in the HF approximation of one electron wave function alternative
theories are proposed. In 1964, Hohenberg and Kohn [137] proposed a theory which is based on
the electron’s ground state density and is capable of describing all the properties of the system. It
is named as Density Functional Theory (DFT), which originates from the Hohenberg-Kohn theory
[137] and the Kohn-Sham [138] equations. The introduction of the electron density in the picture
of wave function, leads to a situation where the complexity of 3N number of electron system has
reduced to 3. This provides more feasible solution to solid state problem of the condensed matter
physics. More details about the DFT formulation and its implementation can be found in many
books, thesis and review papers [139, 140, 141, 142, 143, 144, 145, 146], here we have addressed an
outline of the same. Before looking into its details, we first discuss how the density of the electrons
are related to the wave function. The density of the electrons n(r) can be expressed as,
n(r) = N
∫
d3r2d
3r3....d
3rNψ(r, r2, ...rN )ψ
∗(r, r2, ...rN ). (2.12)
Further we will look at how this electron density has been taken as a tool to estimate the materials
properties using DFT.
2.2.1 Thomas-Fermi theory
Replacing the wave function with electron density was first proposed by Thomas-Fermi from their
independent work [147, 148]. In their model, they expressed the kinetic energy of the system in
terms of electron density n(r) which can be expresses as follows,
T [n(r)] = CF
∫
n5/3(r)dr (2.13)
where CF =
3
10 (3π
2)2/3=2.871, n(r) define the electron density and yields the total number of
electrons N by integration ∫
n(r)dr = N. (2.14)
The Thomas-Fermi model has given only the relation for the kinetic energy in terms of electron
density explicitly for an homogeneous system. The total energy of the system after including the
electron density will be
ETF [n(r)] = CF
∫
n5/3(r)dr − Z
∫
n(r)
r
dr +
1
2
∫ ∫
n(r)n(r′)
|r − r′| drdr
′ (2.15)
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Thomas-Fermi has laid the first step to replace the density of electrons in the place of wave function,
which is a crude way of an approximation for the kinetic energy term alone. Further developments
are carried out for the practical implementation of this using the Hohenberg and Kohn theorems.
2.2.2 Hohenberg-Kohn theorems
Based on the idea given by the Thomas and Fermi, the modern DFT has taken its initiation with
work of Hohenberg and Kohn (HK) [137]. According to this, the Hamiltonian of the interacting
particles of the system is given by,
Ĥ = −1
2
∑
i
∇i2 −
∑
i
vext(ri) +
∑
i 6=j
1
|ri − rj|
where vext(ri) = −
∑
I
ZI
|ri −RI |
(2.16)
Here vext(ri) is the external potential which includes the interaction among electrons and nuclei.
The theory of HK is based on two theorems:
Theorem-I states that, for any system with interacting particles in an external potential vext(r),
the total energy of the system is determined uniquely by the ground state density n0(r). From this
one can find all the properties of the system with the help of the ground state density n0(r).
Theorem-II states that, for any external potential vext(r), a universal functional for the energy
in terms of the density n(r) can be defined and also the global minimum of this functional gives the
exact ground-state energy of the system. The density n(r) that minimizes this functional is known
as the exact ground-state density n0(r), i.e.
E0 = ψmin → n0〈T̂e + Vext + V̂HF 〉 (2.17)
The above said two theorems of HK explains that there is a one-to-one relation among the external
potential vext(r) and the ground state density n0(r). By minimising the universal energy functional,
one can reach the exact ground state energy of a system. This gives an optimum possible solution for
the many-electron problem. The original proofs for the above mentioned two theorems can be found
in Ref. [137, 149]. Even with the HK approximation, one would require to solve the many-electron
Schro¨dinger equation, but provides good approximation to the ground-state density as well as the
energy. Further improvements were carried out by Kohn-Sham (KS) leading to DFT which we will
discuss in the next section.
2.2.3 Kohn-Sham method
Based on Hohenberg-Kohn theorems, Kohn and Sham (KS) [138] developed a method which allow
to minimise the functional by varying n(r) over all densities of N electrons. According to KS, the
ground state density of the system consist of independent electrons and each one experiencing the
same external potential, whose ground state density of non-interacting system nKS(r) is equal to the
ground state density n(r) of interacting system, i. e. nKS(r) = n(r). KS have given the complete
formalism to the many-body equation which is known as Kohn-Sham equation. The following section
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will briefly explain how this has been achieved.
Kohn-Sham Equation:
The KS approach has given the energy equation as,
EKS = T [n] + Vext[n] + VH [n] + Exc[n] (2.18)
Now we will see the individual terms in the above equation. T [n] represents the independent particle
kinetic energy which is given by,
T [n] = −1
2
N∑
i=1
〈ψi|δ|ψi〉. (2.19)
Vext[n] is the external potential energy which acts on the electrons and is given by,
vext[n] =
∫
vext(r)n(r)dr. (2.20)
VH is the Hartree potential due to the electron-electron Coulomb interaction which is given by,
vH =
∫
n(r′)
|r − r′|dr
′ (2.21)
The final term Exc is the exchange-correlation energy which goes beyond the Hartree approximation
for better description of the system. In general the Schro¨dinger form of the Kohn-Sham equation is
given as follows:
HKSψi = EKSψi (2.22)
where HKS and veff are the Kohn-Sham Hamiltonian and effective potential which are defined by
HKS = [−1
2
∇2 + veff (r)]
veff = vext + vH + vxc.
(2.23)
The Khon-Sham equation of 2.22 is used in the DFT based algorithms to find the minimum of
this function iteratively by solving the veff for electron density. The final minimum value gives
the ground state-energy and the density of the system. Thereby we can extract all the physical
quantities which are required for a solid system. Eventhough KS-equations gives the exact solution,
it contains an undefined exchange-correlation functional vxc, which need to be evaluated through
the necessary approximations, which will be discussed in successive section.
2.3 Exchange-correlation functionals
The Kohn-Sham equation of 2.22 gives the exact solution for many-electron system. But the quality
of the calculated results of a real system will depend on the exchange correlation term Exc, which
need to be approximated properly to get the correct information about the system. The challenging
task in DFT will be the approximation of Exc. In principle the term Exc contain both exchange and
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correlation parts which is explained as below.
The Exchange Energy (Ex)
The difference in the electrostatic energy due to the anti-symmetric nature of the particles gives the
exchange energy, which was given by Pauli’s exclusion principle. The exchange energy of the two
particles in the form of the wave function can be written as:
Ex = −1
2
∑
ij
∫ ∫
ψ∗i (r)ψi(r
′)ψ∗j (r
′)ψj(r)
|r − r′| drdr
′ (2.24)
Calculations including this term for solids are very expensive and one need to reduce its complexity
through proper approximations for practical applications.
The Correlation Energy (Ec)
The electrons in the system are correlated to each other which gives the correlation energy. From
the definition of the correlation energy, it is formally defined as the difference between the exact non-
relativistic energy and the energy in the Hartree-Fock limit. But there is no analytical expression
as mentioned for the exchange energy, it can only be calculated by the exact solution of the many-
electron Schro¨dinger equation by the proper approximation for practical applications.
The combination of both exchange and correlation energy together will contribute for the ex-
change correlation term, i.e.
Exc = Ex + Ec (2.25)
For practical applications to describe the real systems, one need to approximate the exchange cor-
relation energy functional based on the electron density. Based on this, many approximations have
evolved according to the specific interest of the properties which includes: the local (spin) density
approximation (LDA), generalized gradient approximation (GGA), meta-generalized gradient ap-
proximation, hybrid functionals etc. Below we have explained the traditional functional like LDA
and GGA.
2.3.1 The local-density approximation (LDA)
The first approximation which describes the exchange correlational functional is the local density
approximation given by Kohn and Sham [138]. This is simplest approximation for the exchange
correlational functional. According to this, the electron density of the system is considered locally
as an uniform electron gas. The exchange correlation functional defined by the LDA is given by
ELDAxc [n(r)] =
∫
n(r)ǫhomxc (n(r))dr. (2.26)
Here ǫhomxc is exchange-correlation energy per particle of the interacting homogeneous electron gas of
density n(r). The LDA functional is described for systems with slow varying densities like weakly
perturbed electron gas. LDA was very successful for evaluating the properties like bond lengths and
lattice parameters. But it failed in many system in describing the cohesive energies, bulk modulus
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and under/over estimation of strength of bonds or lattice constants in molecules and metals.
2.3.2 The generalised gradient approximation (GGA)
The homogeneous system described by the LDA is not a reasonable approximation for all the sys-
tems, which is not really possible in many of the systems. This makes LDA to be less efficient in
dealing with many of the real systems. To improve this, a gradient term which deals with the inho-
mogeneous system was introduced with in the Generalised Gradient Approximation (GGA). Under
this approximation the exchange correlation functional becomes as follows:
EGGAxc [n(r)] =
∫
n(r)ǫxc[n(r), δn(r)]dr. (2.27)
The functional defined by the GGA is refered as the semi-local functional, where the density gradient
represents the non-local nature of the real system. GGA has shown better performance than the
LDA for various systems in describing the molecules and metal ground state properties, but it failed
to capture proper bulk moduli [150, 151, 152] similar to LDA. In general it is well known that LDA
overestimate the binding energy and GGA underestimate the same. The basic similarity among the
two functionals is that they fail to describe the exact band gaps of insulators and semiconductors.
The underestimation of the band gap of semiconductors or insulators is about 30-50 % with both
the functionals. But in the present thesis we deal with metallic systems, so the given functional
are enough to get the properties for metallic systems. In the present thesis, we have used the
LDA/GGA functional to calculate the electronic structure properties of some superconducting and
magnetic compounds by using WIEN2k code based on full-potential linearized augmented plane
wave method (FP-LAPW) which is discussed in the next section. Apart from the FP-LAPW we
have used pseudo-potential method for dynamical properties for some of the compounds. It is very
important to understand how these methods are implemented using density functional theory and
the same is discussed in the next section.
2.4 Methods
In this section we will briefly discuss the two most popular methods that are used to calculate
the electronic band structure, mechanical properties and dynamical properties of the investigated
compounds in the present thesis work. These are (i) the linearized augmented plane wave (LAPW)
method and (ii) pseudo-potentials in combination with the plane wave basis set.
2.4.1 Linearized Augmented Plane Wave (LAPW) Method
Before discussing the LAPW method we will first explain the Augmented plane wave method.
Augmented plane wave method (APW)
According to the APW method the unit cell is divided into two regions: atomic sphere (non-
overlapping) also known as Muffin-Tin (MT) spheres and interstitial (I) [153]. The potential in
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these regions are expressed as follows:
V (r) =
{∑
lm Vlm(r)Ylm(r) (r∈MT )
∑
G VGe
iG.r (r∈I)
(2.28)
Based on the above mentioned two regions, different basis sets are used. In the atomic regions the
wave functions will vary rapidly, whereas in the interstitial region the wave functions are smoothly
varying which are shown as followingly:
φAPWkn (r, ǫl) =
{∑
lm Alm,knul(r,ǫl)Ylm(r) (r∈MT )
1√
V
eikn.r (r∈I)
(2.29)
where kn = k+Gn, Gn are the reciprocal lattice vectors, k is the wave vector inside the first Brillouin
zone and V is the volume of unit cell. From this equation, it is evident that the wave function with in
the atomic spheres (MT) were described by radial functions using spherical harmonics, whereas in the
interstitial it is formulated using the plane waves. The coefficients Alm are calculated by matching
the wave functions of the atomic sphere and the interstitial regions. Further the augmented plane
wave function will be used to expand the Kohn-Sham wave function (ψ) as followingly:
ψk(r) =
∑
n
cnφkn(r) (2.30)
The disadvantage of the APW method is the unknown parameter ‘ǫl’ in 2.29, which will not give
the eigen values from a single diagonalization. For this we use the function ul(r, ǫl), which results
in an eigenvalue problem which is non-linear in energy and are needed to be solved self-consistently
which makes the APW method computationally inefficient.
Linearized Augmented Plane Wave (LAPW) method
LAPW method was introduced to solve the problems that occured in APW method due to the
non-linearity of ul(r, ǫl). Taylor series is used to expand ǫl in LAPW method as shown below:
ul(r, ǫl) = ul(r, ǫ
1
l ) + (ǫl − ǫ1l )u˙l(r, ǫ1l ) +O((ǫl − ǫ1l )2) (2.31)
where u˙l = ∂ul/∂ǫl. The ǫ
1
l is a fixed point energy around which the Taylor expansion is carried
out. The basis set for the LAPW method defined as:
φLAPWkn (r) =
{∑
lm[Alm,knul(r,ǫl)+Blm,kn u˙l(r,ǫl)]Ylm(r) (r∈MT )
1√
V
eikn.r (r∈I)
(2.32)
From the above equation it is understood that there is no difference in the interstitial basis set of
APW and LAPW methods, and the main difference is only in Muffin-Tin spheres, in which the
basis set will depend both on energy ul and its energy derivative, u˙l. The inclusion of energy and
its derivative in LAPW method will increase the accuracy compared to the APW method. In the
case of LAPW, we also employ the matching wave functions in the MT and the interstitial regions
to determine coefficients of Alm and Blm.
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APW+lo method
Further improvement on the linearization of APW method is achieved with the inclusion of local
orbitals (lo). The defined basis set for the APW+lo method is as follows:
φAPW+lolm (r) =
{[Almul(r,ǫl)+Blmu˙l(r,ǫl)]Ylm(r) (r∈MT )
0 (r∈I)
(2.33)
The APW+lo method gives a small basis set like the APW method but with the same accuracy
as that of the LAPW method. Normalisation is used to evaluate the coefficients of Alm and Blm
using the condition that the local orbital is zero at the Muffin-Tin boundary. In the present thesis
we have used full-potential LAPW (FP-LAPW) and APW+lo methods as implemented in WIEN2k
code [153] to evaluate the electronic structure properties.
2.4.2 Pseudopotential method
In order to reduce the complexity and computational time involved with the all-electron methods,
we have used the pseudopotential method to evaluate the dynamical properties. A system contains
both core and valence electrons, which describe the materials properties in all-electron methods.
The core electrons can be treated as inactive and can be assumed that they do not participate
in evaluating the materials properties, and only valence electrons are used to describe the material
properties based on the pseudopotential method. The wave functions in the pseudopotential method
must not have any radial nodes within the core region and at a certain distance rc (radius of cut-off)
the pseudo wave function becomes equal to the real wave function. The condition that need to be
satisfied in pseudopotential method is that pseudo wave function and pseudopotential should be
identical to the all electron wave function and potential outside a radius of cut-off rc. The other
condition is that pseudo wave functions and its first and second derivatives must be continuous at
rc. The Schro¨dinger equation in pseudopotential method will be,
(
1
2
∇2 + V )ψ = εψ (2.34)
Here ψ is the wave function for the all electron (AE) atomic system with angular momentum
component l. The pseudo wave function is of the form
ψ
ps
l =
n∑
i=1
αijl (2.35)
Here αi is the fitting parameter and jl are the spherical Bessel functions. In the present thesis, we
have used the pseudopotential method to evaluate the structural optimization and phonon dispersion
calculations as implemented in PWSCF [154] code.
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Chapter 3
Pressure effect on electronic
structure and vibrational
properties of Ni2XAl (X=Ti, Zr,
Hf, V, Nb, and Ta), Ni2NbGa and
Ni2NbSn compounds
In this chapter we have studied the electronic structure, mechanical, vibrational properties of Ni-
based Heusler compounds, Ni2XAl (X=Ti, Zr, Hf, V, Nb, and Ta), Ni2NbGa and Ni2NbSn, both
at ambient conditions and under compression. Calculated ground state properties agree well with
other available data. All the studied compounds are found to be mechanically and dynamically
stable at ambient conditions. Among the mentioned compounds, Ni2NbAl, Ni2NbGa and Ni2NbSn
are experimentally reported as superconductors at ambient conditions and our calculated supercon-
ducting transition temperature (Tc) and electron-phonon coupling constant (λep) values are in good
agreement with the experiments. We have also predicted superconducting nature in Ni2VAl with
λep = 0.68, which leads to Tc = ∼4 K (assuming a Coulomb pseudopotential µ∗ = 0.13), which is
a relatively high transition temperature for Ni based Heusler alloys and also higher when compared
with other Ni2NbY (Y = Al, Ga and Sn) compounds. From the Fermi surface calculations, flat
Fermi sheets are observed along X-Γ direction in all the compounds. In the superconducting Ni2VAl
and Ni2NbY (Y = Al, Ga and Sn) compounds these Fermi surface exhibit nesting and leads to Kohn
anomaly in the phonon dispersion relation for the transverse acoustic mode TA2 along the (1,1,0)
direction. Under compression change in the number of Fermi surfaces is observed in Ni2NbAl and a
corresponding non-linear decrease in the total density of states is observed under compression in this
compound. Under compression hardening in the phonon modes is observed in all the compounds.
But in the superconducting Ni2VAl and Ni2NbY (Y = Al, Ga and Sn) compounds, Kohn anomaly
observed in acoustic TA2 mode, is found to soften with pressure. As a consequence, Tc and λep vary
non-monotonically under pressure in superconducting compounds.
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3.1 Introduction
Heusler alloys are ternary intermetallic compounds of the form X2YZ, where X is generally a tran-
sition metal, Y is yet another transition metal from group VIIIB-IB and Z is a ‘sp’ metal or a
metalloid. These compounds display a wide range of physical properties including halfmetallicity
[68, 155, 156, 157], magnetic ordering [158, 159], heavy fermion behaviour [160, 161, 162], shape
memory effect [163, 164] and thermoelectricity [165, 166].
Ternary intermetallic Heusler alloys like Ni2XAl (X=Ti, Zr, Hf, V, Nb, and Ta), Ni2NbGa and
Ni2NbSn are having chemical formula A2YZ and crystallize in cubic L21- structure, where A and Y
are the transition metals and Z is a non-magnetic element [167]. Though the Heusler compounds are
well known for their ferromagnetic properties, it is interesting to note the existence of paramagnetic
compounds, one among them is the above mentioned series Ni2XAl [85]. Ni2TiAl and many other
Ni-based compounds have been explored from various perspective, ever since it was found that the
high temperature creep resistance of NiAl could be improved by Ti addition [86], which stabilized the
compounds in the Heusler type structure. The structural properties of Ni2TiAl was further studied
experimentally by Taylor and Floyd [87], using X-rays and electron spectroscopy and Umakoshi et
al. [88] further confirmed Ni2TiAl to have small lattice mismatch with B2 phase and found the
same to possess good stability. This series attracted further interest and a complete phase diagram
of Ni2TAl (T = Zr, Nb and Ta) was obtained by Raman and Schubert [89]. Theoretical insight on
the above mentioned series was also provided by Lin and Freeman [85] further substantiating the
stability of L21 structure of Ni2XAl (X = Zr, Nb and Ta). Further, Da Rocha et al. [90] have
reported the specific heat and electronic structure of the above mentioned series. Heusler alloys ever
remain a perennial resource of compounds with plethora of studies available explaining the transport,
electrical conductivity, magnetic and many other properties owned by them [168, 169, 170].
Among the Heusler compounds, some are having superconducting nature with maximum su-
perconducting transition temperature (Tc) around 4.7 K (YPd2Sn). Superconductivity was first
reported for the Heusler alloys by Ishikawa et al. [171], where they focused mainly on the systems
RPd2Sn and RPd2Pb with R being a rare-earth metal. Among the known Heusler superconductors,
Ni-based alloys Ni2NbX (X = Al, Ga and Sn) have attracted much attention due to their interme-
diate electron phonon coupling constant [91, 172, 73]. Interestingly, Ni2NbX (X = Al, Ga and Sn)
compounds are paramagnets and are found to be superconductors although Ni is a ferromagnet and
Ni compounds are often magnetic. Here we predict Ni2VAl to be a superconductor. Importantly,
this provides an experimentally testable prediction that if confirmed and taken in conjunction with
the correct predictions for the related compounds, would strongly restrict the possible role of spin-
fluctuations associated with Ni magnetism in the superconducting properties of these phases. In
Ni2NbX (X = Al, Ga and Sn) compounds, the presence of Nb works against magnetism associated
with Ni leading to the paramagnetic ground states of these compounds [91, 73]. The same para-
magnetic nature is recently observed in ScT2Al (T= Ni, Pd, Pt, Cu, Ag, Au) [173]. The Ni2NbX
superconductors have Tc of 2.15 K (Ni2NbAl) [91], 1.54 K (Ni2NbGa) [91] and 2.9 K (ref. [91]) (3.4
K (ref. [172, 73])) (Ni2NbSn) with calculated electron phonon coupling constants [91] (λep) of 0.52,
0.50 and 0.61 respectively. Electronic structures and cohesive properties of Ni2NbAl and Ni2VAl
were studied by Lin et al [85] and a large value of cohesive energy is observed with a pronounced
hybridization between Ni-Nb/V-Al atoms. The interaction between these atoms creates deep valleys
in density of states which separate bonding and anti-bonding region. It is this type of covalency
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that works against magnetism.
Superconductivity in conventional intermetallics has been traditionally discussed in terms of the
density of states at the Fermi level and the number of valence electrons per atom. From the Matthias
rule [174, 175], the number of valence electrons per atom should be close to 5 or 7. Even though the
Heusler superconducting compounds follow the above prescription, the superconducting transition
temperatures of these compounds are relatively low. Among the compositional elements of Ni2VAl,
vanadium is reported to be a superconductor with superconducting transition temperature (Tc) of
5.3 K [176] and 3.6 K [177]. From previous literatures [177], the total density of states (DOS) value
of bcc Vanadium is 1.46 (states/eV/f.u.). Pressure effect on the Tc has been studied experimentally
and theoretically for bcc Vanadium [176, 177, 178, 179] upto 120 GPa in which the Tc is found
to increase linearly with pressure. However, high density of states also favours spin-fluctuations,
which work against electron-phonon superconductivity [180]. In this work the total DOS of Ni2VAl
is observed to be more than the value of vanadium and the number of electrons/atom is observed
to be 7 in the present compound obeying the Matthias rule.
We also studied the pressure dependence, as pressure provides a tuning parameter that is very
useful in understanding trends and mechanisms. Previous studies on ‘Hf’ based Heusler alloys have
shown an increase in the superconducting transition temperature with decreasing lattice parameter
[181], while certain other cases show an increase in Tc with increase in lattice constant [181]. We note
that the behaviour can also be more complex under pressure [182]. Fundamentally, superconductivity
is an instability of the Fermi surface [183], and so pressure induced changes in Fermi surface can
lead to non-trivial changes in superconducting properties.
Another interesting feature that connects with superconductivity is the presence of van Hove
singularities [6], in the electronic structure, leading to peaks in the density of states as found in
some of the Pd based Huesler compounds [74, 184, 185]. Interesting behaviour might be anticipated
if the Fermi level can be brought to this peak by means of alloying. Another noteworthy point present
in these compounds is the softening of the TA2 acoustic phonon modes, which can be well correlated
with the FS nesting and the corresponding nesting vector decides the position of the Kohn anomaly
present in these compounds. Further to these, we also find a softening in the acoustic phonons under
pressure leading to the variation in the Tc, which is discussed in detail in the present chapter.
The organization of the chapter is as follows. Computational details are presented in the section
3.2. Results and discussions of ground state, electronic structure, mechanical, vibrational, super-
conducting properties and pressure effect on these properties are presented in the section 3.3. The
conclusions are given in section 3.5.
3.2 Method of calculations
The Full Potential Linearized Augmented Plane Wave (FP-LAPW) method as implemented in
Wien2k code [153] is used to calculate the ground state and electronic structure of the present
compounds. We adopt Generalized Gradient Approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) [186]. Throughout the calculations, the RMT (radius of muffin tin spheres) value for each
atom was fixed as 1.78 a.u for Ni atom, 1.78 a.u for X (X=Ti, V, Zr, Nb, Hf and Ta) atom, 1.67
a.u for Al atom, 2.0 a.u for Ga and 2.3 a.u for Sn atoms. For the energy convergence, the criterion
RMT *Kmax=9 was used, where Kmax is the plane wave cut-off. The potential and charge density
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were Fourier expanded up to Gmax=12 a.u
−1. The valence states included in the calculations are
Ni (3d8, 4s2), Al (3s2, 3p1), Ti (3d2,4s2), V (3d3,4s2), Zr (4d2,5s2), Nb (4d4,5s1), Hf (4f14,5d2,6s2),
Ta (4f14,5d3,6s2), Ga (3d10, 4s2, 4p1), Sn (4d10, 5s2, 5p2) and the remaining orbitals are treated as
core states. All the electronic structure calculations are performed with 44× 44× 44 k-mesh in the
Monkhorst-Pack [187] scheme which gives 2168 k-points in the irreducible part of the Brillouin Zone
(BZ). Tetrahedron method [188] was used to integrate the Brillouin zone. Energy convergence up to
10−5 Ry is used to get the proper convergence of the self consistent calculation. Birch-Murnaghan
[189] equation of state is used to find the equilibrium lattice parameter and bulk modulus by fitting
the total energies as a function of primitive cell volume. We have not found any significant change
in the electronic structure at the Fermi level with the inclusion of spin-orbit coupling (SOC). So,
the reported calculations are performed without SOC.
Phonon dispersions and electron-phonon interactions were computed using the plane wave pseu-
dopotential method (PWSCF) which is implemented in QUANTUM ESPRESSO [154]code. The
GGA-PBE exchange correlation functional is used in the present calculations for all the compounds.
The electron ion interaction is described by using ultrasoft pseudopotential for Ni2XAl (X= Ti, Zr,
Hf, Ta) compounds with kinetic energy cutoff of 42 Ry (ecutwfc) and for the remaining compounds
norm-conserving pseudopotentials are used with maximum plane wave cut-off energy (ecutwfc) of
90 Ry and the electronic charge density was expanded up to 360 Ry (In case of Ni2VAl it is 140 and
560 Ry). A 16× 16× 16 k-points grid within the BZ is used for the phonon calculations. Gaussian
broadening of 0.02 Ry and a 4× 4× 4 uniform grid of ‘q’-points are used for phonon calculations.
3.3 Results and discussion
3.3.1 Ground state, electronic structure properties
The basic ground state properties are calculated using the Birch-Murnaghan equation of state and
the results are reported in Table 3.1, along with the available experimental results. The ground state
properties of Ni2XAl (X=Ti, Zr, Hf, V, Nb, and Ta), Ni2NbGa and Ni2NbSn are evaluated using
the experimental lattice parameter and atomic positions [85, 90, 91, 172, 73, 190]. The calculated
equilibrium lattice constant and bulk modulus values are presented in Table 3.1 along with the
available experimental and other theoretical work and a good agreement is seen between the present
values and earlier reports. The calculated bulk moduli is higher for Ni2TaAl and lower for Ni2ZrAl.
We have calculated the band structure along the high symmetry directions in the irreducible
Brillouin zone with and without inclusion of SOC. From Fig. 3.1 (given for only Ni2NbSn) it is
seen that the SOC effect is very small around the Fermi level and we have proceeded with the
further calculations excluding SOC. We have also checked the effect of Hubbard ‘U’ and found no
appreciable changes in the band structure as these are metallic systems and are not correlated. This
is consistent with the recent studies on Heusler based compounds where the authors also concluded
the same [191].
The band structures for all the compounds are given in Fig. 3.2. The overall profile of all these
Ni2XAl compounds are the same, whereas the number of bands crossing the EF is not the same
for all the compounds. For Ni2TiAl, Ni2ZrAl and Ni2HfAl three bands cross the EF , two of them
crossing at the L-point from valence band to conduction band (Here the conduction bands refer to
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Figure 3.1: Band structure of Ni2NbSn with and without inclusion of spin-orbit coupling(SOC) at
the theoretical equilibrium volume.
the bands above the Fermi level and they are primarily X-derived states) and the third band crosses
the EF from conduction band to valence band at X-point (band structure of Ni2TiAl is shown in
Fig. 3.2). For Ni2VAl, we observe two bands to cross the Fermi level at X-point from conduction
band to valence band. For Ni2NbAl, Ni2TaAl and Ni2NbGa compounds, we find only one band to
cross the EF from conduction band to valence band at X-point at ambient conditions. In addition
to that, we have an extra band at the X point in Ni2NbSn.
The electronic density of states (DOS) is shown in Fig. 3.3 along with the atom projected DOS.
Even though these compounds are composed of different elements from different rows in the periodic
table, the total DOS for all the compounds looks similar reflecting the similar band profiles. For all
the compounds we observe valleys at energies around -6 eV, -1 eV, 0.5 eV. In the case of Ni2NbSn
there is another valley at around -3 eV. This feature indicates that the interaction between the
constituent atoms is strong [85]. From the Fig. 3.3, it is evident that the contribution at EF is
mainly dominated by Ni-‘deg ’ states with an admixture of X-‘dt2g ’ and Al/Ga/Sn-‘p’ states. The
states at nearly -6 eV is mainly derived from the Al/Ga/Sn-‘s’ states. For all the compounds,
the bonding and the anti-bonding regions are well separated from the non-bonding region and our
calculations agree well with the earlier studies [85]. As we move to compounds containing X from
V-B elements, we could observe the states to shift below EF due to band filling and is clearly evident
from Fig. 3.2. Apart from this, our calculated density of states at the Fermi level show a decreasing
trend as we move from top to bottom of the periodic table. Among all the compounds Ni2VAl has
the highest value of DOS at EF with 3.51 states/eV/f.u. and Ni2TaAl has lowest value with 2.13
states/eV/f.u. From the atom projected DOS we have observed that the primary contribution to
the total DOS at EF is due to Ni atom (‘deg’ states), the secondary contribution is due to X atom
(‘dt2g ’ states) and the least contribution arises from Al/Ga/Sn atom (‘p’ states). The calculated
Sommerfield coefficient γ is also given in the Table 3.1, which is proportional to the density of
states at the Fermi level. In the case of conventional superconductors, Tc value is propotional to γ.
Increase in the γ leads to increase in the Tc of that material. In this chapter, the order of Tc values
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Figure 3.2: Band structure at ambient conditions for (a) Ni2TiAl (b) Ni2VAl (c) Ni2ZrAl, (d)
Ni2NbAl, (e) Ni2HfAl, (f) Ni2TaAl, (g) Ni2NbGa and (h) Ni2NbSn respectively.
follows as Ni2VAl > Ni2NbSn > Ni2NbAl > Ni2NbGa (3.84 > 3.21 > 1.92 > 1.18). The same order
also followed by γ values as 8.27 > 5.52 > 5.36 > 5.19.
Experimental specific heat can be calculated using the expression, (1 + λ) × γth. The λ in the
enhancement factor is related to but not identical to the superconducting ‘λ’ and includes in addition
contributions from spin fluctuations and other interactions if present. The inferred values are in the
range ∼0.5-1 for Ni2NbAl and Ni2VAl, in reasonable accord with the calculated superconducting ‘λ’
which is explained in the subsequent section. The values for Ni2NbGa and especially Ni2NbSn are
anomalously low. The origin of this is not clear, and warrants further investigation. Site disorder
in samples is one possibility. In any case, we also note that the N(EF ) are not high enough to place
any of the compounds near Stoner criterion for ferromagnetism.
The van Hove singularity is observed in both valence and conduction bands at the L-point close
to EF around 1 eV and -1 eV energy range. From the earlier available reports [74, 184, 185], one
saddle point is observed in Pd based compounds, at L point. But in the case of present compounds,
we have two saddle points in both valence and conduction regions near the EF . The flat bands
associated with the van Hove singularity at the L-point result in a maximum density of states.
In addition, the Fermi surfaces (FS) of all the investigated compounds at ambient conditions
are shown in Fig. 3.4, for the corresponding band which crosses the EF as shown in Fig. 3.2. We
observe the Fermi surface topology to be quite similar for Ni2TiAl, Ni2ZrAl and Ni2HfAl indicating
the dominating nature of the Ni-‘d’ states with small contribution from X-‘d’ states at EF . For
Ni2TiAl, Ni2ZrAl and Ni2HfAl compounds which contain IV-B elements, we find the Fermi surface
to be of electron character at X-point and hole character at L-point respectively and is also evident
from the band structure plot from Fig. 3.2, whereas in Ni2VAl, Ni2NbAl and Ni2TaAl compounds
which contain V-B elements, we find the band to cross only at X-point resulting in the electron
pocket at the same point. From Fig. 3.4(j,k) it is evident that Ni2VAl has two FS as a result of two
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Figure 3.3: Density of states at ambient conditions for (a) Ni2TiAl (b) Ni2ZrAl (c) Ni2HfAl (d)
Ni2VAl (e) Ni2NbAl (f) Ni2TaAl (g) Ni2NbGa, (h) Ni2NbSn compounds respectively.
bands crossing the EF (see Fig. 3.2(b)) and the remaining two compounds Ni2NbAl, Ni2TaAl have
only one FS, due to a single band crossing the EF (see Fig. 3.2(d,f)). Ni2NbGa and Ni2NbSn have
one and two FS correspondingly equivalent to the bands that cross the EF . In Ni2TiAl, first two FS
have hole nature and the last one has electronic nature. Overall, in Ni2TiAl, Ni2ZrAl and Ni2HfAl
compounds first two FS have hole nature and last FS has electronic nature and in the remaining
Ni2VAl, Ni2NbAl, Ni2TaAl, Ni2NbGa and Ni2NbSn compounds, we have only electron FS. In all
the compounds we have observed parallel sheets in FS which indicate a nesting feature.
3.3.2 Elastic constants
To account for the mechanical stability of all the investigated compounds we have calculated the
elastic constants. All the above mentioned compounds crystallize in the cubic structure and have
three non-zero elastic constants C11, C12, C44. The calculated single crystal elastic constants at
equilibrium volume are given in Table 3.2 for all the compounds. The calculated elastic constants
of all the compounds satisfy the Born mechanical stability criteria [192] i.e. C11 > 0, C44 > 0, C11
> C12, and C11 + 2C12 > 0, which indicate these compounds to be mechanically stable at ambient
conditions. From the single crystal elastic constants, we have calculated the Young’s modulus E,
Voigt-Reuss-Hill modulus GH [193], Poisson’s ratio σ, Anisotropy factor A and are reported in
Table 3.2. The relations between C11, C12, C44 and the above mentioned parameters can be found
elsewhere [194, 195, 196, 197].
To determine the thermal characteristics of a material, Debye temperature (ΘD) is one of the
important parameter. This can be obtained directly from the given relation.
ΘD =
h
k
[
3n
4π
(
ρNA
M
)]1/3
vm (3.1)
32
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
(j) (k) (l)
(m) (n) (o)33
(p) (q)
Figure 3.4: Fermi surfaces (a, b, c) of Ni2TiAl (d, e, f) of Ni2ZrAl (g, h, i) of Ni2HfAl, (j,k) of
Ni2VAl, (l) of Ni2NbAl, (m) of Ni2TaAl, (n) of Ni2NbGa, (o, p) of Ni2NbSn and (q) Brillouin zone
high symmetry points.
where ‘h’ is the Planck’s constant, ‘NA’ is the Avogadro’s number, ‘k’ is the Boltzmann’s constant,
‘ρ’ is the density, ‘n’ is the number of atoms in the unit cell, ‘M’ is the molecular weight and ‘vm’
is the mean sound velocity, which can be calculated by using the following relation.
vm =
[
1
3
(
2
v3t
+
1
v3l
)]
−1/3
(3.2)
where ‘vt’ and ‘vl’ are the transverse and longitudinal sound velocities obtained using both the shear
modulus (GH) and the bulk modulus (B).
vl =
√
(B + 43GH)
ρ
(3.3)
vt =
√
GH
ρ
(3.4)
The calculated values for all the above defined parameters are given in Table 3.2. From Table
3.2, it is seen that Ni2TiAl has higher Young’s modulus in comparison with other compounds which
might imply Ni2TiAl to be stiffer among the other compounds studied. The elastic anisotropy gives
the possibility of inducing micro cracks in the materials [194] and the calculated value of the elastic
anisotropy of all the studied compounds are given in the Table 3.2.
The Cauchy’s pressure (C12 - C44) can be used to comment on the ductile or brittle nature of
the compounds. Here Cauchy’s pressure for all the compounds is positive indicating the ductile
nature. Pugh’s ratio (GHB ) [198] is another index for explaining the ductile and brittle nature of
the compounds. Larger and smaller values of Pugh’s ratio indicate the brittle and ductile nature of
the material respectively. The critical number which separates the ductile and brittle nature was
reported to be 0.57. This series of compounds have the Pugh’s ratio values lesser than this critical
number indicating the ductile nature. The Poisson’s [199] ratio indicate the stability of the crystal
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against shear and takes the values inbetween -1 to 0.5, where -1 and 0.5 serve as lower and upper
bounds respectively. The lower bound is the one where the material does not change its shape and
the upper bound is where the volume remains unchanged. These compounds have the Poisson’s ratio
values closer to the upper limit indicating the stiffness of these compounds. From the reported values
as shown in Table 3.2, we could see the Poisson’s ratio to be higher for the compounds having IV-B
group elements and lower for compounds which have V-B group elements. The Debye temperature
which is used to estimate the thermal properties of material is also calculated with the help of mean
sound velocity. From Table 3.2, we find Debye temperature and mean sound velocities to decrease
as we move from top to bottom in the periodic table and higher θD values indicate higher thermal
conductivity associated with these compounds.
From the same table the calculated Debye temperature (θD) values agree well with experiments.
For superconducting compounds, BCS theory predicts that Tc should increase with increasing fre-
quency of the lattice vibrations. For some Heusler compounds [181] Tc decreases with the increasing
θD. In the case of Ni2NbX where X= Al, Ga, both Tc and θD show the BCS theory behaviour. In
the case of Ni2NbSn it is showing opposite manner. In Pd based Huesler compounds Klimzuk et al
[181] found a decrease in Tc with increasing θD. In their study, Tc of (Sc, Y, Lu)Pd2Sn compounds
increases with N(EF ) and found the opposite trend in case of APd2M (A = Zr, Hf; M = Al, In)
compounds. Finally they conclude that the change in Tc is dependent on the system.
3.3.3 Vibrational properties
The calculated phonon dispersion curves are shown in Fig. 3.5 along with the total and partial
phonon density of states. The primitive unit cells of the present compounds have one formula
unit with four atoms which gives 12 phonon branches including three acoustic and nine optical
branches. The absence of imaginary phonon frequencies indicates the dynamical stability at the
ambient condition. The higher frequency optical phonon modes are separated form others in all the
compounds except Ni2NbSn. This separation is due to the mass difference between different kind of
atoms in the unit cell. In all the compounds except Ni2NbGa and Ni2NbSn these higher frequency
optical modes are due to the lighter Al atom. In the remaining compounds, it is due to Nb atom. At
the zone centre, we have three optical phonon modes and in that one T2g mode is Raman active and
two T1u modes are infrared active. From the phonon dispersion curves, we have observed doubly
degenerate acoustic and optical modes along Γ-X and triple degeneracy of same modes along X-Γ
direction in all the compounds. This degeneracy is due to the symmetry of the crystal in cubic
phase. Longitudinal acoustic mode (LA) is interacting with T2g optical modes except in Ni2HfAl.
We have observed degenerate transverse acoustic (TA) modes along Γ-X and Γ-L directions in all
the compounds. In other directions these TA modes become non degenerate and split into TA1
(high frequency) and TA2 (low frequency) modes. There is an anomaly (dip) in TA2 mode from
X-Γ direction in Ni2NbAl, Ni2NbGa, Ni2VAl compounds. In the case of Ni2NbSn, it is observed at
X high symmetry point. As discussed below these dips are related to the Fermi surface and reflected
in the phonon dispersion.
In metals such dips can arise from Fermi surface nesting, i.e. Kohn anomalies in the phonon
spectrum. This anomaly is observed in Ni2MnGa [200, 201, 202], Ni2MnIn [203] and Ni2MnX (X=
Sn, Sb) [204]. From the phonon dispersion of the present compounds we observed dip (softening)
in the lower frequency acoustic mode (TA2) along X-Γ direction in both Ni2NbAl, Ni2NbGa and
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Figure 3.5: Phonon dispersion along with partial phonon density of states for (a) Ni2TiAl, (b) Ni2VAl
(c) Ni2ZrAl, (d) Ni2NbAl, (e) Ni2HfAl, (f) Ni2TaAl, (g) Ni2NbGa and (h) Ni2NbSn respectively.
Ni2VAl compounds and near the X-point in Ni2NbSn. From the FS, we observed flat portions of
X- point Fermi surfaces in all the investigated compounds to be nested with the similar portion on
the other side. FS with nesting vector direction is given in Fig. 3.6(a). From this we observed
that the nesting vector is of length ∼0.61 of X-X distance connecting the flat surfaces of FS. In
the case of Ni2NbGa and Ni2VAl it is at ∼0.64 and ∼0.67 of X-X distance. The nesting vector
is around 0.7×2π/a along the Γ-X direction in Ni2NbAl. In case of Ni2NbGa and Ni2VAl it is
observed at 0.68×2π/a, 0.62×2π/a respectively in the same direction as Ni2NbAl. The same nature
is observed in Ni2NbSn at X high symmetry point. To know the exact ‘q’ vector where the anomaly is
observed, we have plotted the acoustic phonon modes along Γ-X direction for Ni2NbAl, Ni2NbGa and
Ni2VAl compounds as shown in Fig. 3.6(b,c,d,e), where we observed a strong Kohn anomaly at ‘q’
point q = (ξ, ξ, 0)2π/a with ξ = 0.7, 0.68 and 0.62 in Ni2NbAl, Ni2NbGa and Ni2VAl respectively.
The associated phonon branches have mainly Ni character. In the case of Ni2MnGa, Ni2MnSn
and Ni2MnSb compounds also the same type of atoms are involved in the branches showing Kohn
anomalies.
3.3.4 Superconductivity of Ni2NbAl, Ni2NbGa, Ni2NbSn and Ni2VAl
The electron phonon coupling constants (λep) were extracted from the Eliashberg function (α
2F(ω))
which can be used to determine the Tc of a conventional phonon mediated superconductor. The
calculated α2F(ω) are plotted in Fig. 3.7 for all the investigated compounds. From this figure the
lower energy phonon modes, which are mainly due to Ni atom at that particular frequency are more
involved in the process of scattering the electrons in all the compounds. The Tc of the present
compounds is calculated by using Allen-Dynes [205] formula which is given in the equation below,
T c =
ωln
1.2
exp(− 1.04(1 + λep)
λep − µ∗(1 + 0.62λep) ) (3.5)
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Figure 3.6: (a) Direction of nesting vector and TA2 acoustic phonon mode along Γ-X direction in
(b) Ni2NbAl (c) Ni2NbGa, (d) Ni2VAl and (e) Ni2NbSn.
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where ωln is logarithmically averaged phonon frequency, λep is electron phonon coupling constant
and µ∗ is Coulomb pseudopotential which is a parameter that normally takes a value of 0.1-0.15.
The electron phonon coupling constant (λep) is usually extracted from the Eliashberg function
(α2F (ω)) which can be used to determine the Tc of a conventional phonon mediated superconductor.
α2F (ω) is written as
α2F (ω) =
1
2πN(ǫf )
∑
qj
νqj
h¯ωqj
δ(ω − ωqj) (3.6)
This function is related to the phonon DOS (F (ω) =
∑
qj δ(ω−ωqj)) and differs from the phonon
DOS by having a weight factor 1/2πN(ǫf ) inside the summation. In the above formula N(ǫf ) is the
electronic density of states at the EF and νqj is the phonon line width which can be represented as
below.
νqj = 2πωqj
∑
knm
|gqj(k+q)m,kn|2δ(εkn − εF )δ(ε(k+q)m − εF ) (3.7)
where Dirac delta function express the energy conservation conditions and ‘g’ is the electron
phonon matrix element. The electron phonon coupling constant (λep) can be expressed in terms of
α2F (ω) as shown below.
λep = 2
∫
dω
ω
α2F (ω) =
∫
λ(ω)dω (3.8)
where λ(ω) = 2α
2F (ω)
ω
The calculated Tc values for Ni2NbAl, Ni2NbGa, Ni2NbSn and Ni2VAl compounds are given
in Table 3.3 for µ∗ values of 0.13 and 0.15. The calculated values agree well with the experiments
with µ∗ = 0.13 for Ni2NbX (X= Al, Ga, Sn) compounds. Among the investigated compounds,
Ni2VAl is found to have relatively high Tc of 3.84 K with high λep value 0.68 with µ
∗ = 0.13. As
we discussed Ni2VAl has high electronic DOS and high Sommerfield coefficient γ at EF compared
to other compounds indicating the compound to be a superconductor with high Tc value than the
other compounds. From the calculated Tc and λep values, the superconducting nature of the Ni2VAl
compound is evident. These calculated values are in the range of the present Ni2NbX (X= Al, Ga,
Sn) and other Ni based superconducting Heusler compound ZrNi2Ga [185].
3.4 Pressure effect on electronic structure, elastic constants,
vibrational and superconducting properties
As mentioned, pressure is a effective tuning parameter for exploring the relationships between Fermi
surface and other physical properties. This motivated us to proceed further to see the effect of
pressure on the above mentioned properties for the compounds studied. For all the compounds we
compressed the volume up to -15% of the initial volume. We have studied the electronic structure
properties under compression for all the mentioned compounds. Except Ni2NbAl, we did not find
any drastic changes in the band structure and FS topology for the investigated compounds. In the
case of Ni2NbAl we find an extra band to cross EF at the compression of V/V0=0.93 (pressure of 17
GPa) at X point and correspondingly addition of a Fermi surface, which is having electron nature,
is observed at the same compression and the corresponding band and Fermi surfaces are given in
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Figure 3.7: Eliashberg function α2F(ω) and phonon-density of states for superconducting Ni2NbAl,
Ni2NbGa, Ni2NbSn and Ni2VAl compounds from top to bottom.
Fig. 3.8.
The electronic DOS under compression is shown in Fig. 3.9 for all the compounds. From the
plot, the total electronic DOS linearly decreases with pressure in all the compounds but in the case
of Ni2NbAl it is non-linear at V/V0 = 0.93 and is clearly represented in the inset.
We have also calculated the single crystalline elastic constants for all the compounds under
compression to check the effect of pressure on the mechanical stability in the present compounds
and are plotted in Fig 3.10(a,b). From this we can observe that all the compounds are satisfying
the Born’s [192] stability criteria under compression indicating the mechanically stable nature of
the present compounds under the compression range we have studied. We also observed that the
values of three independent elastic constants increases under compression in all the compounds as
usual. It is also observed that C11, C12 are more sensitive to pressure while C44 is quite insensitive
to pressure for the same compounds, where C44 is related to transverse distortion which is almost
flat indicating the effect of pressure on this to be weaker.
We have calculated the phonon dispersion under compression. We find hardening of frequencies
for all the compounds with pressure as shown in Fig. 3.11. In the case of superconducting Ni2NbAl,
Ni2NbGa, Ni2NbSn and Ni2VAl, we find hardening of frequencies for all the modes except in the
lowest frequency acoustic mode which softens under compression. In Fig. 3.12, we have given only
the lower frequency acoustic mode under compression for Ni2NbAl, Ni2NbGa, Ni2NbSn and Ni2VAl
compounds to show the softening nature in that particular mode. From this figure, we have observed
that the softening becomes more pronounced under compression at the same ‘q’ vector where the
Kohn anomaly is found in all compounds. The softening in phonon frequency, corresponding to
the Kohn anomaly, under pressure in the Nb compounds implies a pressure dependent structural
phase transition. Near the transition pressure this is presumably of charge density wave character.
In Ni2NbAl it is observed to be imaginary at compressions around V/V0= 0.92 and 0.85. In this
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Figure 3.8: (a) Band structure under compression (at V/V0 = 0.93) for Ni2NbAl and the corre-
sponding FS (b, c) at the same compression.
compound, we find an extra Fermi surface at V/V0 = 0.93. The change in the FS topology could
be a reason for the imaginary mode at V/V0 = 0.92 and the nesting feature under compression also
becomes more prominent due to increase in the size of the FS under compression. In the remaining
compounds, no extra FS is observed but the size of the FS increases under compression which
might lead to an increase in the effect of nesting under compression. In Ni2MnSb [204] authors
observed the imaginary frequency in TA2 mode at ambient conditions which is due to the presence
of Khon anomaly in this system. The appearance of imaginary frequencies under compression in
TA2 mode in Ni2NbAl, Ni2NbGa, Ni2NbSn and Ni2VAl compounds may be due to the presence
of same Kohn anomaly under compression. This acoustic mode softening is also observed in other
Heusler compounds. In HfPd2Al [206] it is observed at the pressure of 7.5 GPa, Pd2ZrAl [74] at
ambient conditions. In the case of YPd2Sn [207], authors found anomaly in the transverse acoustic
mode and reported that to be the reason for the increase in electron-phonon coupling parameter of
that phonon branch. The anomaly in the transverse acoustic mode is also observed in non Heusler
compounds [208, 209, 210, 211, 212], where the authors reported that these phonon anomalies play an
important role in understanding superconductivity in those compounds. As discussed previously, we
have observed the anomalies in the phonon frequencies along X-Γ direction in Ni2NbAl, Ni2NbGa
and Ni2VAl compounds and at X point in Ni2NbSn. We already know that the lower frequency
phonon modes would contribute more to the electron phonon coupling, which further has an impact
on the Tc of that material. This indicate that the softening may lead to change in the λep and Tc
in these compounds.
We have calculated the electron-phonon coupling constant and superconducting transition tem-
perature for superconducting Ni2NbAl, Ni2NbGa, Ni2NbSn and Ni2VAl compounds under compres-
sion and are shown in Fig 3.13. From these plots, all the compounds show a non-monotonic variation
in Tc and the electron-phonon coupling constant under compression are behaving in the opposite
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Figure 3.9: Electronic density of states under compression.
(a) (b)
Figure 3.10: (a, b) Elastic constants under compression.
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(g) (h)
Figure 3.11: Phonon dispersion at ambient conditions and at the compression V/V0=0.85 for (a)
Ni2TiAl, (b) Ni2VAl (c) Ni2ZrAl, (d) Ni2NbAl, (e) Ni2HfAl, (f) Ni2TaAl, (g) Ni2NbGa and (h)
Ni2NbSn respectively.
(a) (b)
(c) (d)
Figure 3.12: Softening of lower frequency acoustic mode under compression in (a) Ni2NbAl, (b)
Ni2NbGa, (c) Ni2NbSn and (d) Ni2VAl.
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manner to ωln. In the previous work [213, 214] it was reported that the softening of the phonon
DOS leads to the increase in the Tc of that material. In Ni2NbAl, the Tc plot under compression
in our previous work [215] is different from this work. In our previous work we used ultrasoft pseu-
dopotentials and also we did not find any softening nature in the phonon dispersion curve as well
as phonon density of states. In the present work we have used norm-conserving pseudopotentials.
These are more difficult to converge and require more computational resources but are more reliable.
3.5 Conclusions
We have studied the ground state, electronic structure, mechanical, vibrational properties of all
compounds using the density functional theory within generalised gradient approximation at am-
bient conditions and under compression. Our calculated ground state properties agree well with
experimental and other theoretical results. In all the compounds, the DOS at EF is arrived mainly
from Ni deg states with an admixture of X dt2g states. Nesting features in FS are evident in all
the compounds. The calculated single crystalline elastic constants satisfy the Born stability criteria
indicating the mechanical stability of the investigated compounds both at ambient conditions and
under compression. The absence of the imaginary frequencies in phonon dispersion indicate the
dynamical stability of the present compounds. Kohn anomaly is observed in TA2 mode in Ni2NbX
(X = Al, Ga and Sn) and Ni2VAl compounds which might be due to the nesting in the FS. The
computed Tc using Allen-Dynes formula agree well with the experimental results for Ni2NbX (X =
Al, Ga and Sn). Importantly, Ni2VAl is predicted to be a superconductor which has a Tc value in the
range of Heusler compounds. From the calculated Eliashberg function (α2F(ω)), we have observed
that Ni atom contribution is more towards Tc in all the compounds. Under compression we have
observed the change in the band structure of Ni2NbAl, where we find an extra band to cross the EF .
In addition we also observed a pronounced softening of the Kohn anomalies existing in acoustic TA2
mode under compression. This phonon softening again lead to softening in the phonon density of
states. A non-monotonic variation in the Tc under compression is noticed which is due to softening
in the lower frequency acoustic mode and phonon DOS. Among the compounds studied, we observe
that the variation in Tc under pressure is minimal in Ni2VAl. It will be of interest to experimentally
search for superconductivity in Ni2VAl and study its pressure dependence.
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Figure 3.13: Logarithmic frequency, electron-phonon coupling and superconducting transition tem-
perature under compression for Ni2NbX (X = Al, Ga and Sn) and Ni2VAl compounds.
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Table 3.1: Calculated theoretical equilibrium lattice parameter (athe) compared with the experi-
mental lattice parameter (aexp) (in the units of A˚), bulk modulus (B) (in the units of GPa), density
of states at the Fermi level (N(EF )) (states/eV/f.u.) and Somerfield coefficient (γ) (mJ/mol K
2) of
Ni2XAl (X=Ti, Zr, Hf, V, Nb, Ta), Ni2NbGa and Ni2NbSn.
Parameters athe aexp B N(EF ) γ
Ni2TiAl 5.90 5.87
a 164 3.50 8.25
Ni2ZrAl 6.13 6.12
a 151 3.25 7.65
Ni2HfAl 6.10 6.08
a 158 2.81 6.63
Ni2VAl 5.80 5.80
b 181 3.51 8.27
Ni2NbAl 5.99 5.97
a 181 2.27 5.36
Ni2TaAl 5.98 5.96
b 191 2.13 5.02
Ni2NbGa 5.991 5.956
c 182 2.20 5.19
Ni2NbSn 6.202 6.157
c, 6.160d 170 2.34 5.52
a : Ref. [85]; b : Ref. [90]; c : Ref. [91]; d : Ref. [172]
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Table 3.2: Calculated elastic constants (in the units of GPa) and derived quantities for Ni2XAl
(X=Ti, Zr, Hf, V, Nb, Ta), Ni2NbGa and Ni2NbSn at the theoretical lattice constant. Where E is
Young’s modulus(in GPa), vl, vt, vm are the longitudinal, transverse and mean sound velocities in
the units of km/s. CP = Cauchy’s pressure. PR = Pugh’s ratio. ΘD = Debye temperature in the
units of Kelvin.
Parameters Ti Zr Hf V Nb Ta Ni2NbGa Ni2NbSn
C11 223 217 211 200 212 229 194 188
C12 135 119 132 171 167 172 176 162
C44 104 81 90 109 98 109 95 72
E 193 174 171 138 150 172 111 104
A 2.36 1.65 2.27 7.69 4.37 3.89 10.99 5.57
CP 30.18 37.41 41.64 62.33 68.26 63.01 81.17 89.14
PR 0.45 0.44 0.41 0.28 0.30 0.33 0.22 0.22
σ 0.30 0.31 0.32 0.37 0.36 0.35 0.40 0.40
GH 74.00 66.37 64.85 50.43 54.99 63.79 39.88 37.19
vl 13.00 11.88 10.17 12.22 11.81 10.48 10.43 9.80
vt 6.89 6.25 5.24 5.51 5.48 5.04 4.29 4.03
vm 7.71 6.99 5.86 6.21 6.17 5.66 4.86 4.56
ΘD 617.89 539.17 454.73 506.42 487.11 446.99 241 219
ΘD(exp) 358
b 280a, 300b 240a 206a
a : Ref. [91]; b : Ref. [90]
Table 3.3: Calculated Tc (in the units of K) and λep values with experimental reports for Ni2NbX
(X = Al, Ga, Sn) and Ni2VAl.
Parameters Ni2NbAl Ni2NbGa Ni2NbSn Ni2VAl
Tc (experimental) 2.15
a 1.54a 2.90a, 3.4b, 3.4c –
Tc (this work with µ
∗ = 0.13) 1.92 1.18 3.21 3.84
Tc (this work with µ
∗ = 0.15) 1.40 0.79 2.60 3.09
λ (experiment) 0.52a, 0.514d 0.50a 0.61a –
λ (this work) 0.56 0.50 0.68 0.68
a : Ref. [91]; b : Ref. [172]; c : Ref. [73]; d : Ref. [90]
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Chapter 4
Electronic topological transitions
in Nb3Y (Y = Al, Ga, In, Ge, Sn,
Os, Ir and Pt) compounds
In the present chapter, first principles electronic structure calculations of A-15 type Nb3Y (Y =
Al, Ga, In, Ge, Sn, Os, Ir and Pt) compounds are performed at ambient conditions and high
pressures. Mechanical stability is confirmed in all the compounds both at ambient conditios as well
as under compression from the calculated elastic constants. We have observed four holes and two
electron Fermi surfaces (FS) for the compounds Nb3Y (Y = Al, Ga, In, Ge, Sn), two hole and two
electron FS for Nb3Y (Y = Os, Ir) and one hole and three electron FS for Nb3Pt together with
FS nesting feature observed at M and along X - Γ in all the compounds. A continuous change
in the FS topology is observed under pressure in all the compounds which is also reflected in the
calculated elastic constants and density of states under pressure indicating the electronic topological
transitions (ETT). The ETT observed at around 21.5 GPa, 17.5 GPa in Nb3Al and Nb3Ga are in
good agreement with the anomalies observed by the experiments around the same compression.
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4.1 Introduction
Eversince the discovery of superconductivity in V3Si with Tc ∼17 K in the year 1953 by Hardy and
Hulm [93], the family of compounds with composition X3Y (X= V, Nb, Cr, Ti, Mo, Zr, Ta, W to
Hf and Y= Al, Ga, Ge, In, Sn, Os, Ir, Pt etc) had attracted considerable attention of researchers
as some of them possess quite high superconducting transition temperature (Tc). The interest
in these compounds are not only due to the rather high Tc but also their high critical current
density and critical magnetic field, along with acceptable mechanical properties make them viable
for applications. These compounds crystallize in the A15 type crystal structure (see Fig. 4.1), where
X atoms form three mutually orthogonal chain like structure parallel to the edges of the unit cell.
Some of these compounds undergo cubic to tetragonal martensitic transformation near to their
superconducting transition temperatures Tc [95]. For example, the martensitic transition temper-
atures of V3Si (21 K) and Nb3Sn (45 K) are close to their respective superconducting transition
temperatures 17 and 18 K. Acoustic phonon instabilities were found to be responsible for martensitic
transition in previous studies [96]. A similar behaviour was also seen in the Nb3AlxGe1−x [97], V3Ga
[98, 99], V3Ge [99] and Nb3Al [100] compounds. Experiments [101] also indicated a dimerization of
the transition-metal chains accompanied by a tetragonal distortion of the lattice during the transfor-
mation. It has been proposed that the tetragonal transformation is driven by band Jahn-Teller like
mechanism. These A15 compounds exhibit different behaviour in electronically derived properties
at low temperatures such as knight shifts, electrical resistivity etc [102]. This unusual behaviour of
various properties of A15 family compounds has been related to the sharp peak in electronic density
of states near to the Fermi level arising from the ‘d’ states of the transition metal atoms [102]. Hence
it is clear that many properties of these compounds are related to their electronic structures.
In these X3Y compounds, X atoms have low site symmetry and are responsible for the high Tc
values in this class of materials. X-‘d’ electrons are found to play dominant role in the electronic
structure properties around the Fermi level (EF ). In these compounds if Y is a transition metal,
the Tc of these materials will be low because of the Y-‘d’ electrons which will be competing with
the X-‘d’ bands. In some compounds, for a given X element Tc is found to be increase as decrease
in the mass and size of Y element. In the compounds Nb3X(X= Os, Ir, Pt), the studies of X-ray
photoemission spectra informed that the ‘4d’ and the ‘5d’ energy bands of these Nb3X compounds
seems to be more and more separated with increasing atomic number of the X element [216].
Recent experiments [217] have explored the possible relationship between superconductivity and
martensitic transition in V3Si and Nb3Sn compounds by measuring electrical resistance and specific
heat under high pressure. They have observed that initially Tc increases with pressure and merges
with martensitic transition temperature at high pressure, where further Tc increase is ceased and
concluded that the martensitic transition play an important role in superconductivity of these com-
pounds. So to understand this, a thorough understanding of electronic structures is necessary. So
far only a few electronic structure studies are available [218, 219, 220, 221] but a systematic study
especially under high pressure is still lacking. Some elements like Cd [222] and Co [223] show a
continuous change in FS topology under pressure which highlights the ETT in these elements. In
this work, we have carried out a systematic study of electronic properties under pressure for Nb
based A15 compounds namely Nb3Y (Y = Al, Ga, In, Ge, Sn, Os, Ir and Pt).
Since any property that involves the conduction electrons in a metal must depend on the shape
of the Fermi surface and on the wave functions of the electrons at or near the Fermi surface of that
50
(a) (b)
Figure 4.1: (a) Crystal structure of Nb3X (X= Al, Ga, In, Ge and Sn) and (b) Brillouin zone high
symmetry points.
metal [224] it will be interesting to study the Fermi surface topology and their pressure variations
for these compounds. Further, Bilbro and McMillan [225] have studied the interaction of charge
density wave (CDW) and superconductivity (SC) in A15 materials within mean field approximation
and predicted that both states compete with each other for developing their respective gaps in the
same Fermi surface. In Nb3Sn, opening of a charge-density wave gap is observed and expected that
it would be due to the dimerization of Nb atoms and nesting at the Fermi surface [226], and this
further indicate the possibility of nesting feature in these type of compounds. Charge density wave,
Fermi surface nesting and Peierls instability may be inter-related in these compounds. Calculation
of the susceptibility [227] χ(~q, ω) for a given system is one of the way to understand the possibility of
Fermi surface nesting and formation of CDW. Zero energy value of the Lindhard response function
χ0(~q) ≡ χ0(~q, ω = 0) can be used to determine the presence of Fermi surface nesting. There should be
a peak in the imaginary part of the response function Im
[
χ0(~q)
]
at the Fermi surface nesting vector.
The formation of charge density wave requires a large real part of the susceptibility, Re
[
χ0(~q)
]
.
Hence in this work we have also calculated the Lindhard response functions χ0(~q) ≡ χ0(~q, ω = 0)
for these compounds to study the possible Fermi surface nesting in these systems.
We have predicted Fermi surface nesting for all the compounds at ambient conditions as well
as under pressure. The Fermi surface nesting is found to be enhanced under pressure for all the
compounds except for Nb3Sn, Nb3Os, Nb3Ir and Nb3Pt. We have also predicted an electronic
topological transition (ETT) at different compressions for all the compounds.
4.2 Method of calculations
Density functional calculations have been performed in the present work to calculate the electronic
structure and elastic constants. The Full-Potential Linearized Augmented Plane Wave (FP-LAPW)
method as implemented in WIEN2k [153] code is used. We have used PBE-GGA [186] (Perdew-
Burke-Ernzerhof parametrization of the Generalized Gradient Approximation) approximation for
the exchange correlation potential. Throughout the calculations, the RMT (radius of muffin tin
spheres) value for each atom was fixed as 1.90 a.u for Nb, 1.80 a.u for Al and 2.10 a.u for both
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(a)
(b)
Figure 4.2: Density of states at ambient conditions for (a) Nb3Y (Y= Al, Ga, In, Ge, Sn) and (b)
Nb3Y (Y= Os, Ir, Pt).
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Ga and Ge, 2.20 a.u for In, 2.25 a.u for Sn and 2.30 a.u for Os, Ir and Pt atoms. For the energy
convergence, the criterion RMT *Kmax=9 was used, where Kmax is the plane wave cut-off. The
potential and charge density were Fourier expanded up to Gmax=12 a.u
−1. For band structure and
density of states calculations we have taken total 20000 k points in the Monkhorst-Pack [187] scheme
which gives 560 k-points in the irreducible part of the Brillouin Zone (BZ). Tetrahedron method
[188] was used to integrate the Brillouin zone. Energy convergence up to 10−5 Ry is used to get
the proper convergence of the self consistent calculation. All Fermi surface and Lindhard functions
are calculated with 44 × 44 × 44 k-mesh to get smoother Fermi surfaces and accurate Lindhard
function. Birch-Murnaghan [189] equation of state was used to fit the total energies as a function
of primitive cell volume to obtain the bulk modulus and the equilibrium lattice parameter for the
investigated compounds. We have checked the effect of spin-orbit coupling (SOC) and have not
found any significant changes at the Fermi level with the inclusion of SOC in Nb3Y (Y = Al, Ga, In,
Ge, Sn) compounds and further calculations are performed for these compounds without including
SOC. For the remaining Nb3Y (Y= Os, Ir and Pt), compounds we have included SOC. Real and
imaginary part of the Lindhard response function Re[χ(q)] for ω = 0 is calculated directly from the
energy eigenvalues using,
Re[χ(q)] =
∑
kjj′
fkj − fk+qj′
∈kj − ∈qj′ (4.1)
and
Im[χ(q)] =
∑
kjj′
δ(∈F − ∈kj)δ(∈F − ∈k+qj′) (4.2)
Where f is Fermi-Dirac distribution function, ∈kj and ∈qj′ are the energy eigenvalues for band
indices j and j′, and ∈F is the Fermi energy. We have evaluated these functions within constant
matrix element approximation and considered only those bands which cross the Fermi level.
4.3 Results and discussions
4.3.1 Ground state properties and elastic constants
Calculated ground state properties of Nb3Y (Y = Al, Ga, In, Ge, Sn, Os, Ir and Pt) are listed in
Table 4.1 together with available experimental and theoretical results. Calculated values are in good
agreement with the experiments [228, 229, 230, 231, 232] as well as with earlier theoretical results
[220, 102, 231, 233, 234]. Our calculated bulk moduli are in good agreement with earlier theoretical
results [220, 221, 219, 233, 234] and the values are higher for compounds with Y= Os, Ir and Pt
(transition elements) compared to other compounds containing IIIA and IVA (‘p’-state elements).
Among the compounds containing IIIA and IVA group element, bulk modulus increases as we move
from compounds containing IIIA group elements (X = Al, Ga, In) to IVA group (X = Ge, Sn). Single
crystal elastic constants were calculated to establish the mechanical stability of these compounds
and the calculated values are given in the Table 4.2 together with available data [219, 221, 233].
Calculated values satisfy the Born mechanical stability criteria [192] i.e. C11>0, C44>0, C11 >C12,
and C11 + 2C12>0. polycrystalline elastic constants were also calculated from the single crystals
elastic constants[194, 195, 196, 197] and these values are listed in the same table. Calculated Young’s
modulus values are higher for compounds containing transition element ‘Y’ indicating the stiffness
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of these compounds among other compounds. The presence of elastic anisotropy [194] in the present
compounds is also confirmed by calculating the anisotropy factor(A). Calculated positive values
of Cauchy’s pressure(C12-C44) indicate the ductile nature of the present compounds and it is also
confirmed from the calculated Pugh’s ratio (GHB ) [198] value. These Pugh’s ratio is less than 0.57
which is known as critical number to separate brittle and ductile nature. The Poisson’s [199] ratio
indicate the stability of the crystal against shear and takes the values in between -1 to 0.5, where -1
and 0.5 serve as lower and upper limits respectively. From the calculated Poisson’s ratio values, we
observed that all the compounds have the value closer to the upper limit indicating the stiffness of
the present compounds.
4.3.2 Density of states
The calculated density of states (DOS) are plotted in Fig. 4.2 along with partial density of states
for all the compounds. We have also tabulated the total DOS at EF (N(EF )) for each compound in
Table 4.1 and compared with earlier calculations. The calculated N(EF ) and overall DOS features
agree well with available data [220, 102, 235, 102, 235, 234]. In the Nb3Y (Y=Al, Ga, In, Ge, Sn)
compounds there is a pseudo gap on both the sides of the Fermi level which originates mainly due
to crystal field splitting of Nb-‘d’ states but in the case of Nb3Y (Y=Os, Ir and Pt) compounds the
pseudo gap is observed only one side. We have found that the N(EF ) is more for Nb3Y (Y=Al, Ga,
In, Ge, Sn) compounds compared to Nb3Y (Y=Os, Ir and Pt). The Fermi level shifts towards right
(i.e from shoulder to peak) in total DOS for compounds containing group IVA elements compared
to those containing group IIIA elements and is consistent with the fact that group IVA elements
have one extra electron. The total DOS at Fermi level is found to increase in both IIIA and IVA
group as we move from top to bottom of the periodic table and is evident from Fig. 4.2 as the
Fermi level shifts towards the peak in total DOS. From partial DOS it is clearly seen that there is
strong hybridisation between Nb-‘d’ and Y-‘p/d’ states in Nb3Y close to Fermi level. In addition
the covalent nature between Nb and Y atom is also observed from the DOS plots. We have also
calculated Sommerfeld coefficient γ and given in Table 4.1 along with available data. The calculated
γ values are in good agreement with available data [219] for Nb3Al and are proportional to N(EF ).
From the same table the calculated γ values are found to be lesser in Nb3Y (Y=Os, Ir and Pt)
compounds compared to other compounds. The calculated γ values are proportional to the N(EF )
in the present compounds.
4.3.3 Band structure and Fermi surface topology
Band structure calculations are performed for all the compounds along different high symmetry
directions in the Brillouin zone (high symmetry directions are given in Fig. 4.1(b)). Effect of SOC
on compounds containing Y= IIIA and IVA group elements is very less [236] and the calculations
are done without including SOC for these compounds. For the compounds containing transition
elements (Y= Os, Ir and Pt) we have included SOC. The electronic band structure for all the
compounds are shown in Fig. 4.3. Overall band profile is similar within Nb3(Y = Al, Ga, In, Ge,
Sn) compounds and Nb3(Y = Os, Ir, Pt) compounds. In all the compounds we have observed
multiple degenerate bands at R point. Close to EF , the bands originate from the hybridization
of Nb-‘d’ and Y-‘p/d’ states and is consistent with our findings from partial DOS. From the keen
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Figure 4.3: Band structure without spin-orbit coupling for (a) Nb3Al, (b) Nb3Ga, (c) Nb3In, (d)
Nb3Ge, (e) Nb3Sn and with spin-orbit coupling for (f) Nb3Os, (g) Nb3Ir, (h) Nb3Pt at ambient
conditions (V/V0=1.00). The ligands in each figure indicate the bands which are crossing EF and
are shown with different colours and numbers.
observation of band structure, shifting of bands above the EF around R point is observed when we
move from compounds possessing IIIA group elements (Y = Al, Ga, In) to IVA group (Y = Ge, Sn)
but in other compounds the scenario is completely different. Number of bands to cross EF is found
to be six and four in Nb3(Y = Al, Ga, In, Ge, Sn) and Nb3(Y = Os, Ir, Pt) compounds respectively
and are indicated in different colour with their numbers. In Nb3(Y = Al, Ga, In, Ge, Sn) compounds
first four bands are of hole nature as the bands are crossing from valence to conduction band and
the remaining two bands are having electron nature. In the case of Nb3Al, first four bands which
are of hole nature and indicated with numbers 45 to 48 and are crossing EF at M point and in
addition to this, the bands 47 and 48 are crossing EF along R-X as shown in Fig. 4.3(a). In the case
of Nb3Ga and Nb3In these bands are indicated with numbers from 49 to 52, as in Fig. 4.3(b, c) and
the scenario at M point is the same as Nb3Al but at R point these bands are shifted above the EF .
This shifting is more in Nb3In when compared with Nb3Ga which is evident from band structure
in Fig. 4.3(c). The last two bands, which are having electronic nature indicated with numbers 49
and 50 in Nb3Al are crossing EF at Γ, along R-X and at X point. In addition to this, band number
49 is crossing EF along Γ-M. In the case of Nb3Ga and Nb3In these two bands are indicated with
numbers 53 and 54. For these two bands the scenario is same as in Nb3Al except along R-X, where
the band crossing is absent due to shifting of bands above the EF .
The band structure for the compounds Nb3Ge and Nb3Sn is given in Fig. 4.3(d, e) where Y is
replaced with IVA group elements. These compounds are having one extra electron per formula unit
compared to the compounds which are having Y = Al, Ga and In. If we move from compounds
containing IIIA to IVA elements, i.e from Nb3Ga to Nb3Ge and Nb3In to Nb3Sn, we can observe the
shifting of bands below EF due to one extra electron in latter compounds. In the case of Nb3Ge, first
four hole natured bands are crossing the EF only at M point. In Nb3Sn, behaviour of these bands
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Figure 4.4: Fermi surface for Nb3Al at ambient conditions (a) band no. 45, (b) band no. 46, (c)
band no. 47, (d) band no. 48, (e) band no. 49 and (f) band no. 50. The first four FS are having
hole nature and remaining two are having electron nature. The first two FS are having pockets at M
points. The next two FS are having ribbon like sheets along BZ edges. The last two FS are having
sheets in middle of the BZ faces with a pocket at Γ point.
at M is similar as Nb3Ge and are also crossing the EF at R point due to shifting of bands above EF
when compared to Nb3Ge. The next two electronic natured bands in Nb3Ge are crossing EF at Γ,
along R-X and at X. In addition to this, band 53 is crossing EF along Γ-M and near R. In Nb3Sn,
these bands have similar behaviour as Nb3Ge except near R point due to shifting of bands above
the EF at that point. In Nb3Al, the calculated band structure properties agree well with reports by
Rajagopalan [219], and for the remaining compounds our study is in good agreement with that of
Paduani [235].
In Nb3Os (Fig. 4.3(f)), we have observed four bands to cross EF . First band (red coloured) cross
EF at M point from valence to conduction band with back bending camel back shape indicating
hole nature. Second band (green coloured one) also has similar nature at M point with additional
band crossings along R-X, Γ-X and X-M directions leading to complex hole nature with multiple
band crossings. The remaining two bands have electron nature due to the bands crossing EF from
conduction to valence band. Third band (blue coloured) cross EF both at Γ and R points and
the last band cross only at Γ point. As we move from Nb3Os to Nb3Ir, one more ‘d’ electron is
added resulting in increased number of conduction electrons. Due this, EF will shift towards the
conduction region compared to Nb3Os. In Nb3Ir(Fig. 4.3(g)), we have four bands to cross the EF
where first two have hole nature and remaining two are of electron nature. First band (red coloured)
cross EF only along R-X and the second band cross EF along R-X, X-M, M-Γ and M-R indicating
a complex hole nature. Third band cross EF at Γ and M points and the remaining one is crossing
the EF only along Γ-X direction. In the case of Nb3Pt (Fig. 4.3(h)) we have two more free electrons
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Figure 4.5: Fermi surface for Nb3Ga at ambient conditions (a) band no. 49, (b) band no. 50, (c)
band no. 51, (d) band no. 52, (e) band no. 53 and (f) band no. 54. The first four FS are having hole
nature and remaining two are having electron nature. The first FS is having pockets at M points
and BZ corners. The next three FS are having ribbon like sheets along BZ edges. The last two FS
are having sheets in middle of the BZ faces with a pocket at Γ point.
compared to Nb3Os which are due to Pt which have two more ‘d’ electrons compared to Os. The
number of bands to cross EF in Nb3Pt is the same as in remaining Nb3Os and Nb3Pt compounds
except for the increase in the electronic nature of bands. In Nb3Pt, we have observed one hole and
three electron nature bands across the EF . First band (red coloured) cross the EF around R point
which is having hole nature and the remaining three bands cross EF at X point and are having
electronic nature. In this compound, at EF , we have also observed camel’s back shape at X point
due to the bands which are indicated with blue and violet colours. In the band structure topology,
this feature leads to high density of states at that point which have strong effect on the ground
state properties [237, 238]. In Nb3Pt, this feature may lead to high density of states compared to
Nb3Os and Nb3Ir compounds. For Nb3Os, Nb3Ir and Nb3Pt compounds available superconducting
transition temperature(Tc) values are around 0.94, 1.76, 10 K respectively [103] and the calculated
N(EF ) values are 6.35, 6.07, 11.04 states/eV/f.u. respectively, indicating Tc to almost follow the
N(EF ) trend in these compounds, while for the remaining compounds this nature is not observed.
The behaviour of the metal at the Fermi level can be known by visualising the Fermi surface and
its shape. To understand more about the present compounds near Fermi level we have calculated
the FS for all the compounds and the FS topology is given from Fig. 4.4 to Fig. 4.11. The number
of Fermi surfaces are equal to the number of bands crossing the EF for a particular compound. In
the case of Nb3Al first four FS are having hole nature and among them first two FS have pockets
at M point (Fig. 4.4(a,b)) due to bands crossing the EF only at this point. The next two FS
(Fig. 4.4(c,d)) are due to the bands (47, 48) crossing EF both at M and along R-X. Due to this
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Figure 4.6: Fermi surface for Nb3In at ambient conditions (a) band no. 49, (b) band no. 50, (c)
band no. 51, (d) band no. 52, (e) band no. 53 and (f) band no. 54. The first four FS are having
hole nature and remaining two are having electron nature. The first FS has pockets at M points
and BZ corners. The next three FS are having ribbon like sheets along BZ edges. The last two FS
are having sheets in middle of the BZ faces with a pocket at Γ point.
we have sheet like FS along M-R and the last two FS are having electron nature. In these last two
FS, we have pockets at Γ, R, X and along R-X due to the crossing of the two bands (49, 50) at
these high symmetry points as discussed in band structure. In the case of Nb3Ga and Nb3In, we
have observed the presence of pocket/sheet at/near R point in the first three FS and absence of
pockets at same R point in the remaining three FS as compared to Nb3Al which might be due to the
shifting of bands above the EF as discussed before and the corresponding FS are shown in Fig. 4.5
and 4.6. In these two compounds the first FS is similar to Nb3Al except having an extra pocket at
R point. The next two FS are having ribbon like sheet along R-M which is due to the bands (50,
51) continuously residing in the conduction band. Remaining three FS in these two compounds are
similar to Nb3Al except for the absence of pockets at R points (Fig. 4.5(d, e, f) and Fig. 4.6(d, e, f)).
When we move from IIIA to IVA group elements (Nb3Ga to Nb3Ge and Nb3In to Nb3Sn), decrease
in the width and length of sheet near M point in hole natured FS (first four FS) is observed which
is due to the shifting of bands below EF which will cause the reduction in the area of bands in the
conduction region. In the case of electron natured FS, an opposite trend is observed due to increase
in the area of bands in valence region. A drastic change in FS topology is revealed in these two FS,
resulting from an extra electron of IVA elements in these compounds. In the case of Nb3Ge (FS in
Fig. 4.7), hole natured FS have pockets only at M point due to the bands (49 to 52) as discussed in
band structure. In the case of Nb3Sn(FS in Fig. 4.8), these FS have extra pockets at R due to the
shifting of bands above EF . Last two FS in both of the superconducting compounds have electronic
nature due to bands (53, 54) crossing EF from conduction to valence band as discussed in the band
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Figure 4.7: Fermi surface for Nb3Ge at ambient conditions (a) band no. 49, (b) band no. 50, (c)
band no. 51, (d) band no. 52, (e) band no. 53 and (f) band no. 54. The first four FS are having
hole nature and remaining two are having electron nature. First four FS are having pockets at M
points. Next FS has ribbon like sheets along BZ edges with a pocket at Γ point. The last FS has
sheets in middle of the BZ faces with a pocket at Γ point.
structure. From Fig. 4.9, where the FS are given for Nb3Os, the first FS have simple hole pockets
at M point and the second one have complex hole FS. The remaining two FS have electron nature
with large pockets around the Γ point (in both FS) and at R (only in third FS). As we move from
Nb3Os to Nb3Ir, the EF is found to shift towards the conduction region. Due to this the FS as
shown in Fig. 4.9(a) is found to be absent in Nb3Ir and the complex FS as shown in Fig. 4.9(b)
transform to be a simple one as shown in Fig. 4.10(a) with some small hole pockets along R-X. The
FS as shown in Fig. 4.9(c) is elongated in all directions with openings at X and R points as shown
in Fig. 4.10(b). The FS as shown in Fig. 4.9(d) will remain almost similar with increase in the size
with additional electron pockets at M point as shown in Fig. 4.10(c). In comparison with Nb3Os,
we have additional FS as shown in Fig. 4.10(d) with small electron pockets along Γ-X point. As we
move from Nb3Ir to Nb3Pt the FS topology is completely changing except for the number of FS. The
First FS (Fig. 4.11(a)) have hole pockets at R point and the remaining FS have pockets at X point.
From Fig. 4.11(c) and 4.11(d), it is observed that the FS have plate like parallel shapes with wider
and small areas respectively. The calculated FS are in good agreement with the Paduani’s [235]
study but in the case of Nb3Ge, the author’s found only five Fermi surfaces, but in our calculations
we have six FS corresponding to six bands crossing the EF [235]. From the FS of the investigated
compounds, we observed hole pockets at M point in the first three FS of Nb3Al, Nb3Ge and Nb3Sn
and in the remaining compounds it is observed only in the first FS. In addition to this, we have also
observed parallel sheet like structures in the last two FS of all the compounds. This might indicate
the probability of nesting at M and along X-Γ in all the compounds. Particularly in Nb3Al (FS for
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Figure 4.8: Fermi surface for Nb3Sn at ambient conditions (a) band no. 49, (b) band no. 50, (c)
band no. 51, (d) band no. 52, (e) band no. 53 and (f) band no. 54. The first four FS are having
hole nature and remaining two are having electron nature. First three FS are having pockets at M
points and corners of the BZ. Fourth FS has ribbon like sheets along BZ edges. Fifth FS is having
sheets along BZ edges with a pocket at Γ point. The last FS is having sheets in middle of the BZ
faces with a pocket at Γ point.
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Figure 4.9: Fermi surface for Nb3Os at ambient conditions (a) band no. 131, (b) band no. 133, (c)
band no. 135, (d) band no. 137. The first two FS are having hole nature and remaining two are
having electron nature. The first FS has simple pockets at M points. The second FS has complex
hole sheets. The third FS has pockets at R and Γ points and the last FS has electron pocket only
at Γ point.
band no. 49 (Fig. 4.4(e))), Nb3Ga (FS for band no. 53 (Fig. 4.5(e))), Nb3In (FS for band no. 53
(Fig. 4.6(e))) and Nb3Pt (FS for band no. 141 (Fig. 4.11(c))) we observed the nesting feature along
X-Γ.
To confirm this nesting feature, we have calculated the Lindhard susceptibility for all the inves-
tigated compounds and are given in Fig. 4.12. In the case of Nb3Y(Y= Al, Ga, In, Ge, Sn), from
the imaginary part of susceptibility plots, we have observed peaks at M point and along X-Γ in all
the compounds indicating the nesting feature at these points. In all the compounds, the peak at M
point in Im(χ0) is due to the hole pockets at M point in the FS. The remaining peaks along X-Γ are
due to the last two FS which are having electronic nature in all the compounds. From the calculated
real part of susceptibility plots, we have not observed any peaks except for Nb3Sn where one sharp
peak is observed at R point. One can speculate this as the probability for the CDW formation
in Nb3Sn as reported experimentally by Escudero et al [226]. In the case of Nb3Os, Nb3Ir and
Nb3Pt compounds Lindhard susceptibilities are calculated along Γ-X. In the case of Nb3Os (Fig.
4.12(f)), a peak in the real and imaginary parts is observed at ‘q’ vector around (0.25, 0, 0)2π/a
indicating the nesting feature in this compound. Similarly, we have observed peaks in the imaginary
part of susceptibility in Nb3Pt (Fig. 4.12(h)) at ‘q’ vectors (0.28, 0, 0)2π/a and (0.44, 0, 0)2π/a
respectively.
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Figure 4.10: Fermi surface for Nb3Ir at ambient conditions (a) band no. 133, (b) band no. 135, (c)
band no. 137, (d) band no. 139. The first FS has hole nature with small pockets along R-X and
the remaining three FS are having electron nature. Second FS has complex nature. Third FS has
big electron pocket around Γ with additional pockets at M points. Last FS has small pockets at X
point.
(a) (b)
(c) (d)
Figure 4.11: Fermi surface for Nb3Pt at ambient conditions(a) band no. 137, (b) band no. 139,
(c) band no. 141, (d) band no. 143. The first FS has hole nature and remaining three are having
electron nature. The first FS has pockets at R points. The second FS is having pockets around X
points connecting each other. Last two FS are having electron pockets only at X points.
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Figure 4.12: Real and imaginary parts of Lindhard susceptibility plots for (a) Nb3Al, (b) Nb3Ga,
(c) Nb3Ge, (d) Nb3In and (e) Nb3Sn (f) Nb3Os, (g) Nb3Ir and (h) Nb3Pt respectively.
4.4 Pressure effect on the electronic structure and elastic
constants
Pressure effect on the band structure and the FS topology is studied in this section. We have
observed a continuous FS topology change in all the investigated compounds under compression. In
the case of Nb3Al, major change in the band structure is found along R-X direction which is due to
continuous shifting of bands below the EF with applied pressure. Due to this, a continuous change
in the FS topology is found in Nb3Al up to the applied pressure. The changes are also reflecting in
the calculated elastic constants and density of states under compression. We have given the band
structure and maximum topology changed FS of Nb3Al at V/V0 = 0.90 in Fig. 4.13. The bands
related to these changes are 47, 48 and 49. The major changes occurred along the X-R direction of
the BZ where band no 47 and 48 descend through Fermi level under pressure causing destruction of
Fermi sheets along this direction. Above this compression, FS at X point is completely vanishing
in this compound. From the calculated imaginary part of the susceptibility at this compression, we
observe huge peaks at M point and at q=(0,0.2,0)2π/a indicating the pronounced nesting feature at
this compression compared to ambient where the height of these peaks is very less. At M point it is
due to the FS change observed in band 47 at this compression, where we find flat sheet at M point
in the FS, but this flatness of this sheet is absent at ambient.
In the case of Nb3Ga, maximum change in the band structure is observed along M-R and R-X
continuously with applied pressure due to the bands 50, 51 and 53 shifting below EF with applied
pressure upto V/V0=0.90 which results in maximum change in the FS topology. Above this pressure
band 52 is also found to contribute more for the FS topology change. For Nb3Ga, complete band
structure at V/V0=0.92 is given in Fig. 4.14. From these figure, we observed that the bands 50 and
51 descend through Fermi level along M-R direction of the BZ under compression causing an ETT.
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Figure 4.13: Band structure of Nb3Al at (a) V/V0 = 1.00, (b) V/V0 = 0.90 (pressure around 21.5
GPa). (c), (d), (e) FS for band no. 47, 48 and 49 at V/V0 = 1.00 and (f), (g), (h) FS for same
bands at V/V0 = 0.90 where change in FS topology is observed.
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Figure 4.14: Band structure of Nb3Ga at (a) V/V0 = 1.00, (b) V/V0 = 0.92 (pressure around 17.5
GPa). (c), (d), (e) FS for band no. 50, 51 and 53 at V/V0 = 1.00 and (f), (g), (h) FS for same
bands at V/V0 = 0.92 where change in FS topology is observed.
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Figure 4.15: Band structure of Nb3In at (a) V/V0 = 1.00, (b) V/V0 = 0.92 (pressure of 21 GPa).
(c), (d) FS for band no. 50 and 53 at V/V0 = 1.00 and (e), (f) FS for same bands at V/V0 = 0.92
where change in FS topology is observed.
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Figure 4.16: Band structure of Nb3Ge at (a) V/V0 = 1.00, (b) V/V0 = 0.90 (pressure of 22.4 GPa).
(c), (d) FS for band no. 53 and 54 at V/V0 = 1.00 and (e), (f) FS for same bands at V/V0 = 0.90
where change in FS topology is observed.
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Figure 4.17: Band structure of Nb3Sn at (a) V/V0 = 1.00, (b) V/V0 = 0.90 (pressure of 25 GPa).
(c), (d), (e), (f) FS for band no. 51, 52, 53 and 54 at V/V0 = 1.00 and (g), (h), (i), (j) FS for same
bands at V/V0 = 0.90 where change in FS topology is observed.
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The ribbon like single Fermi sheets corresponding to band 50 and 51 parallel to M-R direction of BZ,
now splitted into two due to destruction of its part under compression. The calculated susceptibility
plots at this compression for Nb3Ga show the similar behaviour as Nb3Al except, for the point that
at M point the FS nesting decreased and at q=(0,0.13,0)2π/a it is found to increase. In the same
way, pressure effect on the band structure of Nb3In is also found to have more effect at M and
along M-R. Upto V/V0=0.90, pressure effect is more on the bands 50 and 51. Above this pressures
remaining bands are also affected, especially at M point, where we find the first two bands to shift
down completely leading to the absence of the FS sheets at M point. In Fig. 4.14 we have given
the band structure of Nb3In at V/V0=0.92, where we observe the change in band structure along
M-R. As in Nb3Ga the ribbon like single FS parallel to M-R corresponding to band 50 is splitted in
to two. The calculated imaginary part of susceptibility is found to increase a little at M point and
more at q=(0,0.33,0)2π/a indicating the increase of nesting feature.
In Nb3Ge, effect of pressure on the band structure is found to be more along R-X where last
two bands is found to shift continuously below the EF . Due to these two bands (53 and 54), a
continuous change in the FS topology is observed under pressure. To compare with ambient we
have given the change in FS topology at V/V0 = 0.90 in Fig. 4.16. At higher compression the FS
nesting decreases in this compound as is evident from the imaginary part of susceptibility plot. In
the FS corresponding to the band 53, we have observed changes in FS topology near R point at this
compression which is due to the increase in the electron concentration at that point, which is evident
from the band structure given in Fig. 4.16(b). In the case of Nb3Sn, band structure topology is found
to change continuously along M-R and R-X due to the bands 51, 52, 53 and 54 under pressure. Due
to this a continuous change in the FS topology is found under pressure upto V/V0 = 0.90. Above
this pressures the number of bands crossing EF is found to decrease from six to four. Band structure
and FS of this compound at V/V0 = 0.90 is given in Fig. 4.17. Bands 51 and 52 give rise to ETT
near R point of the BZ around this compression as they descend through Fermi level leading to the
destruction of Fermi sheets around R. Here also like Nb3Ge, the decrease of nesting property of the
Fermi surfaces is evident from the imaginary part of the susceptibility plot.
In Nb3Os it is observed that EF moves towards the valence region under compression. In this
compound topology of band is not changed much but the change in the FS topology is observed
in the first two FS starting from V/V0=0.94 and for further compressions (see Fig. 4.18). In the
case of Nb3Ir we observed the absence of last FS and change in the topology of second and third FS
at V/V0=0.96 compared to ambient (see Fig. 4.19, here band structure is given at V/V0=0.90 to
observe the change) due to reduction in the number bands crossing EF . Similarly, in Nb3Pt (see Fig.
4.20) we have observed addition of one more FS which is having hole nature compared to ambient
one and also the widening of the last FS is observed at the compression V/V0=0.96.
Under compression, real part of susceptibility is found to decrease in all the compounds. In the
case of Nb3Sn, at R point, the peak observed at ambient conditions is found to be absent under
compression. From the susceptibility plots, in Nb3Os and Nb3Pt both real and imaginary values
are found to decrease, whereas in Nb3Ir imaginary part is found to increase. In Nb3Os, peak in
imaginary part still sustain indicating the nesting feature at the same ‘q’ vector. Due to this FS
topology change, we have observed the non-monotonic variation in the DOS under compression in
all the compounds as shown in Fig. 4.21. In the case of Nb3Os and Nb3Pt we have observed a
non-monotonic decrease in the total density of states under compression, but in the case of Nb3Ir it
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Figure 4.18: Band structure of Nb3Os at (a) V/V0 = 1.00, (b) V/V0 = 0.90 (pressure of 25 GPa).
(c), (d), (e), (f) FS for band no. 131, 133, 135 and 137 at V/V0 = 1.00 and (g), (h), (i), (j) FS for
same bands at V/V0 = 0.90 where change in FS topology is observed.
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Figure 4.19: Band structure of Nb3Ir at (a) V/V0 = 1.00, (b) V/V0 = 0.90 (pressure of 25 GPa).
(c), (d), (e), (f) FS for band no. 133, 135, 137 and 139 at V/V0 = 1.00 and (g), (h), (i) FS for same
bands at V/V0 = 0.90 where change in FS topology is observed.
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is found to increase upto certain pressure and decrease at higher pressures.
Now to study the effect of ETT on equation of state(EOS) and elastic properties, we have
calculated the EOS for Nb3Al and Nb3Ga, for which the experimental anomalies are observed, and
pressure effect on the elastic constants for all the compounds is also computed. The study of P-
V relation for Nb3Al and Nb3Ga is particularly important because earlier experiments [239, 228]
observed an anomaly near 19.2 and 15 GPa respectively. Figure 4.22 shows the calculated P-V
relation for these two compounds along with earlier experimental data. It is clear from the figure
that the calculated P-V curve varies smoothly and there is no anomaly for both of these compounds.
Since ETT is an subtle electronic transition, its effect on EOS is expected to be very weak and may
be washed out during fitting [240]. However its effect may be pronounced in the pressure variation
of elastic constants. Hence we have calculated elastic constants for these compounds at different
pressures and are shown in Fig. 4.23. The calculated elastic shear modulus (Cs = (C11-C12)/2) is
also given under pressure. From the plots it is observed that values of elastic constants increase with
pressure. The effect of pressure is observed to be more in C11 than in C44 in all the compounds.
Under pressure non-linear variation in C11 and Cs is observed in all the compounds. Calculated C44
and Cs is found to have a non-linear variation and can be correlated with the observed ETT’s under
pressure and are shown along with the FS topology change. Recently [241], in Nb3Sn a structural
modification is found around 6 GPa but no structural phase transition is observed which is driven
by phonon behaviour. In our study a small softening is observed in the C11, C44 and Cs elastic
constants around the same pressure indicating a ETT around this pressure in Nb3Sn.
4.5 Conclusions
Electronic structure of Nb3Y (Y = Al, Ga, In, Ge, Sn, Os, Ir and Pt) compounds was studied both
at ambient conditions and under compression by using density functional theory calculations. In all
the compounds it is observed that ‘d’ states of Nb atoms has dominant nature at EF with admixture
of ‘p’ or ‘d’ sates of Y atom. All the compounds are found to possess both hole and electron FS.
Parallel sheets are observed along X-Γ in the last two FS, which indicate the nesting property in
these compounds which is also confirmed from the calculated Lindhard susceptibility plots, where
sharp peaks are observed along X-Γ and at M point in the imaginary part of susceptibility plots in
all the compounds at ambient conditions. Under compression continuous change in the FS topology
is observed in all the compounds. For the given ETT’s corresponding changes are observed under
compression in the imaginary part of susceptibility and huge peaks are found along X-Γ and at M
point in Nb3Al. In Nb3Ga and Nb3In it is observed only along X-Γ. In Nb3Ge, we have observed
peaks at M, R and along X-Γ under compression. But in Nb3Sn the peak is observed to decrease
along X-Γ. The change in the band structure under compression lead to the non-monotonic variation
in density of states. Mechanical stability of these compounds is also confirmed both at ambient
conditions as well as under compression and non-linear nature in C44 and Cs is observed in all the
compounds under pressure. Further experiments are needed to realise the continuous FS topology
changes observed in these compounds.
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Figure 4.20: Band structure of Nb3Pt at (a) V/V0 = 1.00, (b) V/V0 = 0.90 (pressure of 25 GPa).
(c), (d), (e), (f) FS for band no. 137, 139, 141 and 143 at V/V0 = 1.00 and (g), (h), (i) FS for same
bands at V/V0 = 0.90 where change in FS topology is observed.
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Figure 4.21: Total electronic density of states at EF under compression.
(a) (b)
Figure 4.22: (a) Variation of V/V0 with respect to pressure in Nb3Al and (b) variation of volume
under pressure in Nb3Ga. Here circles indicate theory values in this work, squares indicate the
experimental values and solid line is a third order fit for the theoretical values.
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Figure 4.23: Elastic constants under pressure for (a) Nb3Al, (b) Nb3Ga, (c) Nb3In, (d) Nb3Ge, (e)
Nb3Sn, (f) Nb3Os, (g) Nb3Ir and (h) Nb3Pt respectively.
78
Table 4.1: Calculated lattice parameter a in A˚, bulk modulus B in GPa, γexp and γth are experimental
and theoretical Sommerfeld coefficient in the units of mJ/mol K2, N(EF ) is density of states at EF
in the units of states/eV/f.u. for Nb3X (X= Al, Ga, In, Ge, Sn, Os, Ir and Pt) compounds.
Parameters Nb3Al Nb3Ga Nb3In Nb3Ge Nb3Sn Nb3Os Nb3Ir Nb3Pt
aexp 5.187
a, 5.171a, 5.303 5.166a, 5.289 5.1348m 5.1333m 5.1524m
5.185b 5.1674c 5.161f
athe 5.198, 5.183, 5.328 5.165, 5.322 5.160, 5.160, 5.180,
5.210d, 5.200d, 5.185d, 5.176n 5.1585l 5.1897l
5.187g, 5.171g 5.160g 5.0777l, 5.1059l,
5.164f 5.177n 5.199n
Bexp 177
h 198c - 115f - - - -
Bthe 158, 162, 152 172, 160, 227, 224, 207,
156.33d, 156.93d, 152.71i 168.04d 160.51i 218.78n 227.433l 207l
166.815j , 169.97i 255.1l, 236.9l,
165.49i 216.40n 201.76n
γexp 31.81
a, - - - - - - -
30b
γth 37.63, 39.34 41.08 32.95 45.68 15.09, 14.32, 26.03,
31.231j 12.2n 13.6n 31.44n
N(EF ) 15.96, 16.70, 17.44 13.98, 19.39 6.40, 6.07, 11.04,
16.60d, 18.23d, 14.40d, 7.05n 7.65n 13.48n
14.64g 14.10g, 7.84g,
15.36k 14.39k
a : Ref. [229]; b : Ref. [230]; c : Ref. [228]; d : Ref. [220]; f : Ref. [231]; g : Ref. [102]; h : Ref. [239]; i : Ref.
[221];j : Ref. [219]; k : Ref. [235]; l : Ref. [233]; m : Ref. [232]; n : Ref. [234]
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Table 4.2: Calculated single crystalline and poly crystalline elastic constants (in GPa) at ambient
conditions for Nb3X (X = Al, Ga, Ge, In, Sn, Os, Ir and Pt). Where E is Young’s modulus (in
GPa), GH is Voigt-Reuss-Hill modulus, σ is Poisson’s ratio, A is Anisotropy factor, CP = Cauchy’s
pressure (C11-C44) and PR = Pugh’s ratio.
Parameters Nb3Al Nb3Ga Nb3In Nb3Ge Nb3Sn Nb3Os Nb3Ir Nb3Pt
C11 273, 298, 289 297 297 418 426, 391,
310.530a, 305.41b 433.7c, 377.7c,
310.53b 477.7c 424.2c
C12 97, 102, 97 108 110 129 120, 113,
92.976a, 104.09b 123.7c, 120c,
92.98b 144.9c 142.1c
C44 49, 50, 57 63 69 66 77, 70,
49.119a, 48.78b 84.5c, 60c,
57.12b 86.9c 62.4c
E 171, 175, 184 194 203 240 266, 242,
179.486a, 174.11b 279.7c, 217c,
193.54b 295.7c 232.7c
A 0.49, 0.51, 0.59 0.51 0.74 0.456 0.506 0.507
0.451a, 0.485
0.525b
CP 48.81, 51.84, 39.86 45.74 40.68 63.21 42.43, 42.44,
43.857a, 55.314b 39.2c, 60c,
35.857b 58c 79.7c
PR 0.39 0.39 0.44 0.43 0.45 0.40 0.46 0.45
σ 0.36, 0.33, 0.31 0.66 0.30 0.322 0.300, 0.304,
0.286a, 0.30b 0.295c, 0.324c,
0.27b 0.307c 0.336c
a : Ref. [219]; b : Ref. [221]; c : Ref. [233]
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Chapter 5
Enhanced superconductivity in
CsCl-type binary SnX(X=As and
Sb) compounds
In the present chapter, first principles electronic structure calculations are performed using density
functional theory for SnAs and SnSb. Total energy calculations show the first order phase transition
from NaCl structure to CsCl one at around 37 GPa and 13 GPa for SnAs and SnSb respectively,
which is also confirmed from enthalpy calculations and agrees well with experimental work. Calcu-
lations of the phonon structure and hence the electron-phonon coupling, λep, and superconducting
transition temperature, Tc, across the phase transition are performed for both the compounds.
These calculations give an ambient pressure Tc, in the NaCl structure, of 3.08 K and 3.08 K for
both SnAs and SnSb and in good agreement with experiment whilst at the transition pressure, in
the CsCl structure, a drastically increased value of Tc=12.2 K, 9.18 K is found for SnAs and SnSb
respectively. Calculations also show a dramatic increase in the electronic density of states at this
pressure. The lowest energy acoustic phonon branch in each structure also demonstrates some soft-
ening effects. Electronic structure calculations of the Fermi surface in both the phases are presented
for the first time, together with further calculations of the generalised susceptibility.
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5.1 Introduction
The effect that pressure has on materials can be classified into two categories: changes to the
lattice and changes to the electronic structure. One way to interpret the link between the change
of the lattice and the electronic structure is that the decrease in the inter-atomic distance leads to
overlapping of outer electronic orbitals which will further lead to increase in the energy band widths.
These subtle changes in electronic structure can lead to changes in material properties [242, 243]
such as closing of gaps in the electronic energy spectrum leading to metal-insulator transitions [244],
shifting of the electronic bands towards or away from the Fermi level leading to interband electron
transitions [245, 246] and changes in the Fermi surface topology leading to Lifshitz transitions
[247, 248] etc. In addition, physical properties such as electronic specific heat, superconducting
transition temperature and magnetic nature may also change under pressure, enabling the ability
to tune the physical properties and hence understand material properties under the application of
pressure.
In many 11-type compounds, pressure leads to a phase change from NaCl-type to CsCl-type
structure. For instance, in lanthanide monophosphides LnP (Ln=La, Ce, Pr, Nd, Sm, Gd, Tb,
Tm and Yb), the phase change occurs at pressures around 25-50GPa [104]. In the case of calcium
chalcogenides, CaS, CaSe and CaTe, it is observed at 40GPa, 38GPa and 33GPa, respectively
[105]. A similar transition is also observed in IIIB-nitrides (ScN, YN) and IIIA-nitrides (GaN,
InN) [106]. In the case of AgBr, an intermediate KOH-type structure is also observed from 8
to 35GPa [107] between the NaCl-type and CsCl-type structures. The semiconducting family of
tin based monochalcogenides, SnCh (Ch=O, S, Se, Te), have band gaps ranging between 1.1 and
2.9 eV and lone pair effects in these compounds have been studied by Lefebvre et al [108]. In
1984, Losev et al [110, 111] used x-ray diffraction to observe the same NaCl to CsCl structure
transformation in SnAs at a pressure of around 32GPa with an associated volume discontinuity
of around 5%. Recently, superconductivity was reported in NaCl-type SnAs by Wang et al [112]
with a superconducting critical temperature, Tc, of 3.58K and electron-phonon coupling constant,
λep, to be around 0.62. Calculations, using density functional theory (DFT) and density functional
perturbation theory (DFPT), have also been performed by Tu¨tu¨ncu¨ et al [113] on NaCl-type SnAs to
investigate the electronic structure and hence the electron-phonon coupling, finding good agreement
with experimental work. Further DFT calculations by Shrivastava et al [114] showed the effect
of pressure on the electronic structure of SnAs, further demonstrating the structural change that
occurs. Recently Hase et al [115] reported that the moderate charge fluctuation and electron phonon
interaction is the cause for superconductivity at ambient pressure. SnSb is useful in energy storage
applications [116] and also posses NaCl type structure as ground state and it is observed to undergo a
phase change at high pressures from NaCl to CsCl type structure. DFT calculations by Shrivastava
et al [117] has shed light on the effect of pressure on the electronic structure of SnSb, further
demonstrating the structural change that occurs. Crystal structure for the present investigated
compounds is presented in Fig. 5.1 for both NaCl and CsCl phases.
Pressure has long been known to have a profound effect on the superconducting properties of
elements and compounds [55, 56]. Recent studies achieved a world record in high superconducting
transition temperature with a value of 203 K at the pressure of 200 GPa by Drozdov et al [62]
in H2S highlighting the importance of pressure in the investigation of superconductors. In SnO,
Forthaus et al [60] observed the appearance of a superconducting phase under pressure which is
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(a) (b)
Figure 5.1: Crystal structure of SnX (X= As and Sb) in (a) NaCl type structure and (b) CsCl type
structure.
having dome shape phase diagram with a maximum Tc value of 1.43 K at around 9.3 GPa and also
found the disappearance of superconductivity above the pressure of 16 GPa. In addition to inducing
superconductivity, pressure can have the effect of enhancing Tc, motivating the investigation of the
effect that pressure has on the superconducting properties of SnAs and SnSb, a structurally similar
system to SnO, but one that are already superconducting at ambient pressure.
In this work, DFPT has been employed to investigate the important changes in phonon structure
and superconducting properties that occur when simulating the effect of pressure in SnAs across the
phase change between the NaCl and CsCl-type structures. Furthermore, using DFT, calculations of
the generalised susceptibility of SnAs are performed to ascertain the role of the electronic structure
in the softening of certain phonon modes. In section 5.2, the details of the computational methods
are discussed. In section 5.3, the results of these calculations are presented, including the vibrational
spectra of SnAs and SnSb in both the structures as well as the superconducting properties across
the phase change. The Fermi surface of SnAs and SnSb is also presented for the first time together
with the numerical analysis of its role in the phonon softening. Conclusions are given in section 5.5.
5.2 Computational details
The planewave pseudopotential formalism of DFT implemented within the QUANTUM ESPRESSO
[154] code has been used for structural and volume optimization of the present compounds. This
same code was used to compute the phonon dispersions and electron-phonon interactions using
DFPT. The local density approximation (LDA) to the exchange correlation functional was used for
all calculations and the electron-ion interaction is described using norm-conserving pseudopotentials.
The maximum planewave cut-off energy is 120 Ry and the electronic charge density is expanded up
to 480 Ry. A 16 × 16 × 16 k-point grid within the Brillouin zone (BZ) is used for the phonon
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calculations. Gaussian broadening of 0.005 Ry and a 8× 8× 8 uniform grid of ‘q’-points is used for
the calculation of the phonons.
Density functional calculations have been performed in the present work to calculate the band
structure, density of states and Fermi surface. The Full-Potential Linearized Augmented Plane Wave
(FP-LAPW) method as implemented in WIEN2k [153] code is used. We have used local density
approximation (LDA) [249] for the exchange correlation potential. Throughout the calculations,
the RMT (radius of muffin tin spheres) value for each atom was fixed as 2.2 a.u, 2.4 a.u and 2.5
a.u for As, Sn and Sb atoms respectively. For the energy convergence, the criterion RMT *Kmax=7
was used, where Kmax is the plane wave cut-off. The potential and charge density were Fourier
expanded up to Gmax=12 a.u
−1. All electronic structure calculations are performed with 44×44×44
grid of k points in the Monkhorst-Pack [187] scheme which gives 2168 and 2300 k-points for NaCl
and CsCl-types respectively in the irreducible part of the Brillouin Zone (BZ). Tetrahedron method
[188] was used to integrate the Brillouin zone. Energy convergence up to 10−5 Ry is used to get
proper convergence of the self consistent calculation. Birch-Murnaghan [189] equation of state was
used to fit the total energies as a function of primitive cell volume to obtain the bulk modulus. We
have checked the effect of spin-orbit coupling (SOC) and have not found any significant changes
at the Fermi level with the inclusion of SOC. Further calculations are performed without including
SOC.
We have also calculated the real and imaginary part of Lindhard function Re[χ(q)] for ω = 0.001
to check the possibility of nesting by using
Re[χ(q)] =
∑
kjj′
fkj − fk+qj′
∈kj − ∈qj′ (5.1)
and
Im[χ(q)] =
∑
kjj′
δ(∈F − ∈kj)δ(∈F − ∈k+qj′) (5.2)
where f is Fermi-Dirac distribution function, ∈kj and ∈qj′ are the energy eigenvalues for band
indices j and j′, and ∈F is the Fermi energy. We have evaluated these functions with constant
matrix element approximation together with a grid of 60×60×60 and considered only those bands
which cross the Fermi level.
5.3 Results and discussions
5.3.1 Ground state properties and structural phase transition
To begin with, calculations to reproduce the structural transition that has been reported experi-
mentally [110, 111] and presented in other works [114, 117] are performed for both the compounds.
The total energy has been calculated as a function of relative volume for both NaCl and CsCl forms
of SnAs and SnSb to find the stable ground state as plotted in Fig. 5.2(a,b). From this it is evident
that at ambient pressure, both the compounds stabilizes in the NaCl-type cubic structure (space
group Fm3¯m (No. 225)) with atomic positions As/Sb (0.00, 0.00, 0.00) and Sn (0.50, 0.50, 0.50)
in agreement with the recent DFT study by Shrivastava et al [114, 117]. From the same figure it is
also observed from the crossover of the two energy parabola that both compounds undergo a phase
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transition from NaCl-type to CsCl-type (space group Pm3¯m (No. 221)) at a compression around
V/V0=0.76 and 0.86 for SnAs and SnSb respectively. At this pressure, a volume collapse of around
4.34% and 6.31% is seen for SnAs and SnSb respectively, in good agreement with available data
[111, 117]. The calculated lattice parameter and bulk modulus values are given in Table 5.1 for the
NaCl-type structure. It is already known that LDA might underestimate the lattice parameter and
the same will be overestimated with Generalized Gradient Approximation (GGA). In our case LDA
lattice parameter is close to experimental value as given in Table 5.1 and we further proceeded with
rest of the calculations using LDA. The calculated lattice parameter is close to the experimental
value, the discrepancy being due to the inherent underbinding that the LDA provides. For the NaCl
structure, the calculated bulk modulus value of 75.38 GPa for SnAs is in good agreement with the
results of Tu¨tu¨ncu¨ et al [113]. In the case of SnSb the calculated value is 63 GPa which is more
than that observed by Shrivastava et al [117] and Dabhi et al [250]. This difference might be due to
the usage of different approximations (GGA) for the exchange correlation potential for SnSb. The
change in enthalpy as a function of pressure has also been calculated to compute the exact transition
pressure, as given in Fig. 5.2(c,d), and it is observed that the phase transition occurs at around 37
GPa for SnAs and 13 GPa for SnSb indicating a first order phase transition in these compounds.
5.3.2 Electronic structure
Now we move ahead to analyse the electronic structure properties of stable NaCl-type SnAs and SnSb
at ambient conditions. All the electronic structure calculations are performed at the equilibrium
lattice parameter. The calculated band structure along different high symmetry directions is given
in Fig. 5.3 at ambient conditions. From the band structure, we have observed only one band to cross
the Fermi level (EF ) in SnAs from conduction band to valence band at Γ, X and K high symmetry
points. This implies that the Fermi surface corresponding to the band might have multiple sheets.
Recent experiments done by Bezotosnyi et al [251] on ARPES measurements of SnAs electronic
band structure is in agreement with our calculated band structure for SnAs. As we move from SnAs
to SnSb, Fermi level is found to shift towards lower energy region resulting in addition of an extra
band crossing the EF in SnSb (see Fig. 5.3(b)) compared to SnAs, which is having hole nature due
to the band crossing from valence band to conduction band. In both the compounds, the band at Γ
point is found to posses As/Sb-‘p’ character and at L point around 1 eV has Sn-‘p’ character.
To probe more at EF , we have calculated the total and atom projected density of states (DOS)
for SnAs and SnSb at ambient conditions and are plotted in Fig. 5.5. From the plots, it is clear that
low lying peak at -11 eV is due to the As/Sb-‘s’ states as discussed in the band structure. Another
peak at -8 eV is due to the ’s’ states of Sn atom in both the compounds. The total DOS at Fermi
level (N(EF )) is found to be 0.63, 0.891 states/eV/f.u. for SnAs and SnSb respectively which is also
in agreement with other theoretical [113, 117, 250] results. We find the ‘p’-sates of both the atoms
to contribute more at EF , with As/Sb-‘p’ states dominating more than Sn-‘p’ states. We have also
observed the covalent nature between the As/Sb and Sn atoms in these compounds.
Purely on an electronic basis, we can try to get an idea of the extent of the possible electron-
phonon coupling within the system in the NaCl structure by calculating the electronic linear specific
heat coefficient or Sommerfeld coefficient, γcalc, and comparing it to the experimental value, γexp.
This is given in Table 5.1. The experimental value is higher than the calculated one as the calculation
explicitly neglects many-body effects and our value agree well with the theoretical work of Hase et
85
(a) (b)
(c) (d)
Figure 5.2: Total energy as a function of relative volume for (a) SnAs and (b) SnSb where circle and
square symbols represent the NaCl and CsCl phases respectively. Change in enthalpy as a function
of pressure to demonstrate the phase change between NaCl and CsCl type at a pressure of (c) 37
GPa in SnAs and (c) 13 GPa in SnSb respectively.
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(a) (b)
Figure 5.3: Band structure of (a) SnAs and (b) SnSb at ambient conditions.
(a) (b)
Figure 5.4: Total and atom projected density of states at ambient conditions NaCl-type for (a) SnAs
and (b) SnSb.
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(a) (b) (c)
(d)
Figure 5.5: Fermi surface at ambient conditions NaCl-type structure for (a) SnAs, (b, c) SnSb and
(d) BZ of NaCl-type structure.
al [115] in the case of SnAs. The ratio of γexp to γcalc, gives an estimate of the mass renormalisation,
λ, through
γexp
γcalc
= 1 + λ. (5.3)
Using the experimental value of 2.18mJ/mol K2 reported by Wang et al [112], along with the
calculated value from this work of 1.49mJ/mol K2, the value of λ is found to be 0.46. If we assume
that the dominant renormalisation comes from the coupling between the electrons and the lattice,
such that we can say λ = λep, then this value can be directly compared to the value of λep of
0.62 inferred from experiment [112]. Whilst there is reasonable agreement, it should be noted that
experimental measurements of the Sommerfeld coefficient are incredibly challenging but the higher
experimental value for λep may point to the electrons coupling more strongly to special modes as
has been seen previously [252, 253]. In the case of SnSb, no other reports are available to compare
our calculated γ values.
It is very interesting to know about the Fermi surfaces which has specific importance on the
physical properties of a metal through its impact on electron screening. The calculated Fermi
surfaces (FS) at ambient conditions is given in Fig. 5.5(a) for SnAs and in Fig. 5.5(b, c) for SnSb,
where we find multiple sheets due to a band crossing EF at different high symmetry points in both
the compounds. An electron pocket at Γ point and sheets near X and K points are observed in both
the compounds. From the keen observation of FS, parallel sheets along X-Γ direction are observed
in both the compounds resulting in nesting feature along this direction in the present compounds.
Such a visual inspection of the nesting features of a Fermi surface, however, is not sufficient, as
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Figure 5.6: Real and imaginary part of susceptibility for (a) NaCl-phase of SnAs at ambient condi-
tions, (b) CsCl-phase of SnAs at transition pressure (37 GPa), (c) NaCl-phase of SnSb at ambient
conditions and (d) CsCl-phase of SnSb at transition pressure (13 GPa). Arrow’s direction indicates
the axis direction to be referred in the figure.
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was shown by Johannes et al [34]. Through calculating both the real and imaginary parts of the
generalised susceptibility, χ(q), where q is the wavevector of the perturbation, an assessment can be
made as to the geometrical nesting properties of the Fermi surface (in the imaginary part(χ′′(q)))
as well as the response that the electrons will have (through the real part(χ′(q))). A true nesting
effect will be seen through singularities in both the real and imaginary parts at the same wavevector,
showing the electronic response at a particular ‘q’ is a consequence of the geometry of the Fermi
surface. χ(q) has been calculated for both the compounds at ambient conditions NaCl structures as
shown in Fig. 5.6(a) and 5.6(c). In the NaCl structure, a peak is seen in both the real and imaginary
parts at a wavevector of [0.0, 0.0, 0.1]× 2π/a in both the compounds along Γ-X. indicating a strong
electronic response that is driven by the shape of the Fermi surface.
5.3.3 Elastic constants
To understand the mechanical stability of present compounds at ambient conditions, we have calcu-
lated the elastic constants and the calculated single and poly crystalline constants are given in Table
5.2. The calculated single crystalline elastic constants are satisfying the Born’s stability criteria, C11
>0, C44 >0, C11 >C12, and C11 + 2C12>0 indicating the mechanically stable nature of the present
compounds at ambient conditions. The polycrystalline elastic constants can be calculated from
the single crystalline elastic constants using the empirical relations which can be found elsewhere
[194, 195, 196, 197]. The calculated Young’s modulus (E) is 56.32 and 51.94 GPa for SnAs and SnSb
respectively. The presence of elastic anisotropy [194] in the present compounds is also confirmed
by calculating the anisotropy factor(A). Calculated positive value of Cauchy’s pressure (C12-C44)
indicate the ductile nature of the present compounds, and the same is also confirmed from the calcu-
lated Pugh’s ratio (GHB ) [198]. The value of Pugh’s ratio is less than 0.57 which is known as critical
number to separate brittle and ductile nature. The Poisson’s [199] ratio (σ) indicate the stability of
the crystal against shear and takes value in between -1 to 0.5, where -1 and 0.5 serve as lower and
upper bounds respectively. From our calculations, Poisson’s ratio value for the present compounds is
closer to the upper limit indicating the stiffness of the present compounds. Debye temperature (ΘD)
is one of the important parameter and it determines the thermal characteristics of the materials.
The Debye temperature can be obtained from the mean sound velocity, which gives the explicit
information about lattice vibration and can be computed directly from ΘD =
h
k
[
3n
4pi
(
ρNA
M
)]1/3
vm.
The calculated Debye temperature value for both the compounds is in agreement with the earlier
theoretical [112, 250] work as given in the same table.
5.3.4 Vibrational and superconducting properties
Now we proceed further with the computation of vibrational properties, which can be used to check
the dynamical stability of the present compounds at ambient conditions NaCl structure. We have
calculated the phonon dispersion curves along different high symmetry directions and the same is
given in Fig. 5.7(a,b) along with the phonon density of states (PDOS). The primitive cell of the
present compounds have one formula unit with two atoms which gives six phonon branches including
three acoustic and three optical branches. The absence of imaginary phonon frequencies indicate
the dynamical stability of the present compounds at ambient conditions. In both the compounds,
we observe an interaction of higher frequency acoustic mode with the optical modes along Γ-X, K-Γ
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and at L points at different frequencies. We also observe degenerate LA2 mode along L-Γ-X and
this degeneracy is lifted out in other directions. An anomaly (dip) in the degenerate LA2 mode
is observed along Γ-X direction which may have significant effect in the physical properties of the
present compounds. The same anomaly is observed in some of the Heusler compounds such as
Ni2MnGa [200], Ni2MnIn [203], Ni2MnX (X= Sn, Sb) [204], Ni2VAl and Ni2NbX (X=Al, Ga, Sn)
[254], which are having same FCC structure. The softening in the acoustic mode leads to Kohn
anomaly [31], which is due to the interaction of electronic states with phonon at the EF together
with parallel sheets in the FS topology. The mechanism behind a Kohn anomaly is one of electronic
screening [31] due to the perturbation. Under the action of a perturbation (in this case, a phonon),
the electrons at the Fermi surface (which have access to unoccupied states) will attempt to screen it
[255]. The ions of the lattice will then interact via this screened potential which modifies the phonon
frequencies. The extent of this softening can therefore be dictated by how responsive the electrons
are to the initial perturbation. Kohn summarised that the shape of the Fermi surface would play a
vital role in this mechanism [31]. In the present compounds also this interaction might be a reason
for the anomaly. This is confirmed from the susceptibility calculations as discussed above at ‘q’-
vector around [0.0 0.0 0.1]×2π/a along Γ-X direction, where we observe the FS nesting and phonon
softening.
By first looking at the total PDOS in the NaCl structure, the major peak is found near a frequency
of 150 cm−1 and from the atom-projected phonon DOS in Fig. 5.7(c), it can be seen that this is
derived from As. It is also observed that the higher frequency optical modes above the frequency
125 cm−1 are due to As and the remaining modes below 125 cm−1 are due to Sn. In the case of
SnSb, from Fig. 5.7(b), major peak in the total PDOS observed around 120 cm−1 is due to both Sn
and Sb atoms, which are having almost equal contribution (which is due to the nearly same atomic
mass) around this frequency range (see Fig. 5.7(d)).
Having determined the phonon structure as discussed above, the electron-phonon coupling can be
calculated to explore the superconducting properties. As discussed in section 5.1, present compounds
are found to have superconducting nature in NaCl structure which is the ground state. The electron
phonon coupling constant (λep) is extracted from the Eliashberg function (α
2F(ω)) which can be used
to determine the superconducting transition temperature (Tc) of a conventional phonon mediated
superconductor. The Tc of the present compound is calculated by using Allen-Dynes [205] formula,
T c =
ωln
1.2
exp(− 1.04(1 + λep)
λep − µ∗(1 + 0.62λep) ) (5.4)
where ωln is logarithmically averaged phonon frequency, λep is electron phonon coupling constant
and µ∗ is Coulomb pseudopotential. The representation of α2F (ω) is
α2F (ω) =
1
2πN(ǫf )
∑
qj
νqj
h¯ωqj
δ(ω − ωqj) (5.5)
This function is often very similar to the phonon DOS (F (ω) =
∑
qj δ(ω − ωqj)) and differs from
the phonon DOS by having a weight factor 1/2πN(ǫf ) inside the summation. In the above formula
N(ǫf ) is the electronic density of states at the EF and νqj is the phonon line width, which can be
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(a) (b)
(c) (d)
Figure 5.7: Phonon dispersion along with total phonon density of states and Eliashberg function
for (a) NaCl phase of SnAs at ambient conditions and 37 GPa, (b) NaCl phase of SnSb at ambient
conditions and 13 GPa. (c) Atom projected phonon density of states for SnAs in NaCl phase at
ambient conditions (solid lines) and 37 GPa (dotted lines). (d) Atom projected phonon density of
states for SnSb in NaCl phase at ambient conditions (solid lines) and 13 GPa (dotted lines).
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represented as
νqj = 2πωqj
∑
knm
|gqj(k+q)m,kn|2δ(εkn − εF )δ(ε(k+q)m − εF ) (5.6)
where Dirac delta function express the energy conservation conditions and ‘g’ is the electron phonon
matrix element. λep can be expressed in terms of α
2F (ω) as
λep = 2
∫
dω
ω
α2F (ω) =
∫
λ(ω)dω (5.7)
where
λ(ω) =
2α2F (ω)
ω
(5.8)
The calculated Eliashberg function is plotted in Fig. 5.7(a) and 5.7(b) for SnAs and SnSb respec-
tively, where we find peaks at frequency around 140, 120, 100 cm−1 in SnAs and around 120, 70
cm−1 in SnSb. The height of the peak indicate the higher phonon line width and higher electron
phonon coupling constant at that frequency region and is found to decrease gradually to lower fre-
quencies. The calculated Tc values of the investigated compounds are 3.08 and 3.08 K with a value
of λep around 0.62 and 0.68 for SnAs and SnSb respectively by considering the µ
∗ value to be 0.13.
These calculated values are in good agreement with the other reported values [112, 113, 250] and
are given in Table 5.3. Calculated λep and Tc of the present compounds are almost same.
From the above discussions superconducting nature is confirmed in both the compounds at
ambient conditions NaCl structure. From the calculated total energy and enthalpy calculations (as
discussed from Fig. 5.2) phase transition is observed in both the compounds from NaCl to CsCl-type
structure. So, it is quite reasonable to study the pressure effect on the above mentioned properties
of SnSb which are presented in next section.
5.4 Pressure effect on the electronic structure, phase transi-
tion, vibrational and superconducting properties
As we already discussed above, from the enthalpy calculations, SnAs and SnSb compounds undergo
a phase transition from NaCl to CsCl structure at pressure around 37 and 13 GPa respectively. The
calculated lattice parameter in CsCl phase for both the compounds is given Table 5.1. We have
calculated the band structure of NaCl-type and CsCl-type structures at transition pressure and are
given in Fig. 5.8. As pressure increases widening of valence band region is observed in NaCl-type
structure together with the band shifting at Γ point. As pressure increases, the band at Γ point
is shifted towards EF , resulting in decrease of As/Sb-‘p’ character with pressure. Due to this, the
occupied area of the band which cross the EF at Γ point is decreased which might have an effect on
the size of electron pocket at the Γ point in the FS.
The band structure scenario of CsCl-type structure is completely different in comparison with
NaCl-type structure. In CsCl-type structure, six bands are found to cross at EF , whereas in NaCl-
type structure it is only one in SnAs and two in SnSb which implies the significant change on the FS
topology in CsCl-type compared to NaCl-type structure. Upto a maximum studied pressure of 60
GPa for SnAs and 20 GPa for SnSb we have not found any change in the band structure topology
in CsCl-type, and hence no change in FS is observed.
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(a) (b)
(c) (d)
Figure 5.8: Band structure for (a) SnAs in NaCl-type structure at transition pressure around 37
GPa, (b) SnSb in NaCl-type structure at transition pressure around 13 GPa, (c) SnAs in CsCl-type
structure at transition pressure around 37 GPa and (d) SnAs in CsCl-type structure at transition
pressure around 13 GPa. The bands which are crossing the Fermi level are indicated with colours.
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(a) (b) (c)
(d)
Figure 5.9: Fermi surface at the transition pressure for NaCl-type structure (a) SnAs at 37 GPa, (b,
c) SnSb at 13 GPa and (d) BZ for NaCl-type structure.
Calculated FS for NaCl-type structure at transition pressure is given in Fig. 5.9(a,b,c), where
we can see the decrease in the size of the electron pocket at Γ point (Fig. 5.9(a,c)) which is due
to the band shifting at this pressure. At the same pressure, FS topology of CsCl-type is given in
Fig. 5.10 for SnAs and Fig. 5.11 for SnSb along with the corresponding Brillouin zone. From this
figures, we have observed six FS corresponding to six bands crossing the EF , which is evident from
band structure plots in Fig. 5.8(c,d) and might lead to drastic changes in Tc. Among these six FS’s,
third one (Fig. 5.10(c) and Fig. 5.11(c)) has parallel sheets around M point, along R-M, X-M and
Γ-M. Beyond this pressure no FS topology change is observed in CsCl-type upto the final pressures
studied.
We have calculated the susceptibility at the transition pressure in CsCl-type for both the com-
pounds and the same is plotted in Fig. 5.6(b,d). Along the [111] direction, in Fig. 5.6(b) there is a
broad peak in both the real and imaginary parts of χ(q) around [0.33, 0.33, 0.33]×2π/a in SnAs. In
the case of SnSb, form Fig. 5.6(d), a peak in both real and imaginary parts is observed along M-R
at a ‘q’-vector around [0.5 0.5 0.3]×2π/a.
Calculated density of states for CsCl-type structure is given in Fig. 5.12(a,b) for both SnAs and
SnSb compounds. From this we can see an increase in the total DOS at EF in both the compounds
compared to NaCl-type. In CsCl phase also As/Sb contribution is more towards total DOS compared
to Sn. Calculated total electronic density of states as a function of pressure is given in Fig. 5.12(c,d),
As pressure increases, the total DOS in both the structures is found to decrease monotonically. At
the transition pressure total density of states is found to be increased by two fold in SnAs and around
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(a) (b) (c)
(d) (e) (f)
(g)
Figure 5.10: Fermi surface for SnAs in the CsCl structure at the transition pressure of 37 GPa for
(a) band no. 13, (b) band no. 14, (c) band no. 15, (d) band no. 16, (e) band no. 17, (f) band no.
18 and (g) the Brillouin zone for the CsCl structure.
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(d) (e) (f)
(g)
Figure 5.11: Fermi surface for SnSb in the CsCl structure at the transition pressure of 13 GPa for
(a) band no. 13, (b) band no. 14, (c) band no. 15, (d) band no. 16, (e) band no. 17, (f) band no.
18 and (g) the Brillouin zone for the CsCl structure.
97
12% in SnSb compared to ambient structure, which certainly might alter the Tc in CsCl structure
in both the compounds.
To check the mechanical stability of CsCl-type SnAs and SnSb at transition pressure we have
calculated the single and poly crystalline elastic constants at transition pressure and are given in
Table 5.2. These values are satisfying the mechanical stability criteria at this pressure indicating
the stable nature of CsCl-type structure at this pressure. The calculated bulk modulus, as given in
Table 5.1, is found to be 207 and 113 GPa for SnAs and SnSb compounds respectively which is large
compared to the ambient NaCl-type structure. The calculated single crystalline elastic constants
as a function of pressure is plotted in Fig. 5.13(a,b) for both NaCl and CsCl-type SnAs and SnSb,
where we can observe C11 and C12 to be more sensitive to pressure compared to C44. We have also
observed the decrease in the value of C11 and increase in C12 and C44 in CsCl-type structure when
compared to NaCl-type structure at transition pressure in SnSb but in SnAs C12 is almost same in
CsCl and NaCl type at transition pressure. From the same figure, non-monotonic variation in C11,
C12 and C44 is observed in CsCl-type structure with increase in pressure upto the maximum pressure
studied in both the compounds. This non-monotonic behaviour may further lead to changes in the
other physical properties in the CsCl-type SnSb under pressure.
Pressure effect on the vibrational properties is always an interesting phenomenon which can
be used to understand the dynamical behaviour of the system under the application of pressure.
We have calculated phonon dispersion curves at transition pressure for both the phases of SnAs
and SnSb. For NaCl-type at the transition pressure (red colour dotted line) softening in the lower
acoustic mode is observed near Γ, X and K high symmetry points as shown in Fig. 5.7(a,b).
There are some interesting features in the dispersions that alter both between the two structures
and with the application of pressure. In the NaCl structure, in both the compounds, there is
a degeneracy in the LA2 mode along L-Γ-X which is lifted out in other directions but the same
degeneracy still remain throughout the application of pressure. The calculated phonon dispersion
for CsCl-type SnAs and SnSb at the transition pressure is given in Fig. 5.14(a,b), where we have
observed a similar degeneracy in the CsCl structure along the Γ-X direction that still remains under
pressure. An interaction of the higher frequency acoustic modes with the optical modes is seen
at various points in the BZ for both the structures. In the NaCl structure, pressure acts to lift
this interaction quite considerably, pulling apart the acoustic and optical modes whilst in the CsCl
structure the application of further pressure has little effect on the interplay between the acoustic and
optical branches. The height of the calculated Eliashberg function is found to decrease at transition
pressure (37 GPa in SnAs and 13 GPa in SnSb) compared to ambient NaCl-type structure indicating
the decrease in the electron-phonon coupling constant at this pressure, which may further lead to
decrease in the Tc for the NaCl-type structure at this pressure. In CsCl phase, from Fig. 5.14(a,b),
we have observed overlapping of acoustic and optical modes at different high symmetry directions.
Phonon softening around ‘M’ high symmetry point is observed in CsCl-type for both the compounds.
From the susceptibility calculations (from Fig. 5.6(b,d)) these phonon softening may due to Fermi
surface nesting in this phase at q-vector around [0.33, 0.33, 0.33] × 2π/a in SnAs and around [0.5
0.5 0.3]×2π/a in SnSb. At the same frequency region, we have observed a peak in the Eliashberg
function indicating the Tc in CsCl-type SnSb to be high. This may be a reason for the high Tc in
CsCl-type structure compared with NaCl-type structure. Above this pressure and up to the pressure
studied, frequency hardening in the same mode is observed with pressure.
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(a) (b)
(c) (d)
Figure 5.12: Total and atom projected density of states at transition pressure in CsCl-type structure
for (a) SnAs at 37 GPa and (b) SnSb at 13 GPa. Variation of total density of states with pressure
in (c) SnAs and (d) SnSb.
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(a) (b)
Figure 5.13: Elastic constants as a function of pressure for (a) SnAs and (b) SnSb.
At the transition pressure, when we compare the phonon dispersion plots for both NaCl and
CsCl structures, frequency of higher optical modes decreased in CsCl-type structure compared to
NaCl-type structure. In addition, a softening nature is observed in CsCl-type near Γ point along
Γ-M. In the same way maximum peak in the total PDOS is observed at high frequency optical region
in NaCl-type and the same peak is found to be broadened in CsCl-type. In NaCl-type, total PDOS
corresponding to acoustic modes is found to be flat but the same in CsCl-type is found to have
multiple peaks. As pressure increases up to maximum pressure studied, we have observed hardening
in the frequencies of all modes in CsCl-type.
To check the superconducting nature in CsCl phase, we have calculated the superconducting
properties of CsCl-type for both the compounds at transition pressure. Surprisingly we have observed
high Tc value in the CsCl-type structure around 12.2 and 9.18 K with higher λep of 1.08 and 1.55
for SnAs and SnSb respectively. These values are also given in Table 5.3. The reason may be due
to the increase in the total electronic DOS in CsCl-type when compared to NaCl-type which will
lead to increase the probability of electron-phonon interaction which again may be a reason for the
increase in the λep and Tc in CsCl-type compared to NaCl-type. Nesting feature in CsCl-type may
be another reason for the higher Tc in CsCl-type, where we find a peak in the Eliashberg function
(α2(ω)) in the lower frequency region. But there is no other evidence to confirm our Tc values for
CsCl-type in SnAs and SnSb. We have also calculated the variation of Tc, λep and ωln with pressure
for both NaCl and CsCl-type structures and are plotted in Fig. 5.15. As pressure increases Tc
and λep decreases monotonically in NaCl-type but in CsCl-type it is found to have non-monotonic
variation with pressure. Eventhough we have not observed any non-monotonic variation in total
electronic DOS and change in FS topology with increasing pressure in CsCl-type, but observed non-
monotonic variation in λep and Tc. This behaviour may be mainly phonon driven and may not be
electron driven in the CsCl-type structure in both the compounds [258]. It is also found that Tc
follows ωln behaviour in CsCl-type structure but the same is not observed in NaCl structure. From
the present work, CsCl phase is found to have higher Tc and λep values compared to NaCl-type
indicating the strong coupling nature in CsCl phase for both the investigated compounds.
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(a) (b)
(c) (d)
Figure 5.14: Phonon dispersion along with total phonon density of states and Eliashberg function
for (a) CsCl phase of SnAs at 37 GPa and 60 GPa, (b) CsCl phase of SnSb at 13 GPa and 20 GPa.
(c) Atom projected phonon density of states for SnAs in CsCl phase at 37 (solid lines) and 60 GPa
(dotted lines). (d) Atom projected phonon density of states for SnSb in CsCl phase at 13 (solid
lines) and 20 GPa (dotted lines).
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(a) (b)
Figure 5.15: Pressure dependence of Tc, λep and ωln (a) for NaCl-type SnAs up to 37 GPa and
CsCl-type above 37 Gpa, (b) for NaCl-type SnSb up to 13 GPa and CsCl-type above 13 Gpa.
5.5 Conclusions
Density functional calculations are performed for both SnAs and SnSb compounds which confirm
the stable NaCl ground state in both the compounds. Fermi surface nesting feature is observed and
confirmed from the susceptibility calculations in both the compounds at ambient conditions. Phase
transition from NaCl to CsCl-type structure is observed at around 37 GPa (V/V0=0.76) in SnAs
and 13 GPa (V/V0=0.86) in SnSb. At the transition pressure, change in the band structure and
FS topology is observed in NaCl-phase together with a softening in the acoustic mode in NaCl type
SnAs and SnSb and the same softening nature in the CsCl-type SnAs and SnSb is also observed
in the acoustic mode at the same transition pressure. Sudden drop in the Tc and λep is observed
in NaCl-type with increasing pressure. At the transition pressure around two fold and four fold
increase in the Tc is observed in CsCl phase with high λep of 1.08 and 1.55 for SnAs and SnSb
respectively indicating strongly coupled superconducting nature in CsCl phase which needs to be
verified experimentally.
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Table 5.1: Calculated lattice parameter (a) in A˚, bulk modulus (B) in GPa, total density of states
(N(EF )) in states/eV/f.u. and Sommerfeld coefficient (γ) in the units of mJ/mol K
2 for present
investigated compounds at ambient conditions in NaCl-type structure and for CsCl-type structure
at phase transition compared with available studies.
Parameters SnAs SnSb
NaCl CsCl NaCl CsCl
aexp 5.72513
a, 3.300e 6.092f -
5.72b
athe 5.684, 3.213 6.050, 3.548,
5.812c 6.1807g, 3.7937g
6.173h
Bexp - - - -
Bthe 75.38, 207 63, 113
62.1c 52.7g, 53.8g
53.1h
γexp 2.18
a - - -
γth 1.49, 2.07 2.10 2.40
1.49d
N(EF ) 0.63, 0.88 0.891, 1.017
0.68c, 0.95g,
0.63d 1.04h
a : Ref. [112]; b : Ref. [256]; c : Ref. [113]; d : Ref. [115]; e : Ref. [110]; f : Ref. [257]; g : Ref. [117]; h :
Ref. [250]
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Table 5.2: Calculated single crystalline elastic constants C11, C12, C44 (in GPa) and mechanical
properties of SnAs and SnSb at ambient conditions NaCl-type structure and in CsCl-type structure
at transition pressure, where E is Young’s modulus (in GPa), A is Anisotropy factor, CP is Cauchy’s
pressure (in GPa), σ is Poisson’s ratio, vl, vt, vm (in km/s) are the longitudinal, transverse and mean
sound velocities respectively and ΘD is Debye temperature (in K). Other values are given in brackets.
Parameters SnAs SnSb
NaCl CsCl NaCl CsCl
C11 95.85 302.32 86.44 159.36
C12 69.02 159.62 51.60 89.88
C44 27.04 114.44 20.23 59.73
E 56.32 246.51 51.94 126.28
A 2.01 1.60 1.16 1.72
CP (C12-C44) 41.98 45.18 31.37 30.15
Pugh’s ratio 0.26 0.46 0.30 0.42
σ 0.38 0.30 0.36 0.31
vl 7.72 5.86 7.01 11.56
vt 3.40 3.12 3.25 6.02
vm 3.84 3.49 3.66 6.74
ΘD 201.71(235
a) 323.67 227(213b) 377
a : Ref. [112]; b : Ref. [250]
Table 5.3: Superconducting properties (Tc in the units of K) of SnAs and SnSb both at ambient
conditions NaCl-type structure and at the transition pressure in CsCl-type structure along with
other reported values.
Parameters SnAs SnSb
NaCl CsCl NaCl CsCl
Tc 3.08 (3.58
a, 3.24b) 12.2 3.08 (3.1c) 9.18
λep 0.62 (0.62
a, 0.64b) 1.08 0.68(0.70c) 1.55
a : Ref. [112]; b : Ref. [113]; c : Ref. [250]
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Chapter 6
Magnetic to Non-magnetic
transition in Zr2TiAl and quasi two
dimensionality in Cu2Sb type
Mn-based magnetic compounds
In the present chapter, a detailed study on the new ternary Zr2TiAl and some of Mn-based com-
pounds has been carried out using first principles electronic structure calculations. From the total
energy calculations, in Zr2TiAl, we find an antiferromagnetic L11-like (AFM) phase with alternating
(111) majority spin and minority spin layers to be a stable phase among some others with magnetic
moment on Ti being 1.22µB . The phonon dispersion relations further confirm the stability of the
magnetic phase in Zr2TiAl while the non-magnetic phase is found to have imaginary phonon modes
and the same is also found from the calculated elastic constants. In Zr2TiAl, the magnetic moment
of Ti is found to decrease under pressure eventually driving the system to the non-magnetic phase
at around 46 GPa, where the phonon modes are found to be positive indicating the stability of
the non-magnetic phase. A continuous change in the band structure under compression leads to
the corresponding change of the Fermi surface topology resulting in Electronic Topological Transi-
tions (ETT) in both majority and minority spin cases of Zr2TiAl, which are also evident from the
calculated elastic constants and density of states calculations for the material under compression.
In the case of Mn-based compounds, MnAlGe, MnGaGe and MnZnSb, quasi two dimensional
nature is observed from the Fermi surface calculations. Under compression decrease in the magnetic
moment of Mn atom and change in the band and FS topology is observed in all the Mn-based
compounds. Non-linear nature in the elastic constants is observed under compression in all the
compounds. Particularly in MnZnSb, a sudden drop in magnetic moment is observed at around
V/V0 = 0.94 and also a spin flipping in the total density of states at the same compression is
observed. Negative values in the elastic constants are observed in MnZnSb at the same compression
around V/V0 = 0.94, where we find a change in band and FS topology correspondingly, and the
pressure values corresponding to the compression around V/V0 = 0.94 are in good agreement with
experimentally observed anomalies in the calculations of lattice parameters under pressure, which
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might imply a possible structural phase transition or an ETT in MnZnSb around this compression.
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6.1 Introduction
Zirconium and titanium alloys are of great interest due to a variety of structural and electronic
transitions in these materials. They are widely used in aerospace industry due to their light weight,
static strength, stiffness and oxidation resistance [259, 260, 261, 262, 263, 264, 265]. This especially
concerns their aluminides, Zr3Al and Ti3Al, which are important in high temperature applications
[266, 267, 268, 269, 270].
Titanium rich and zirconium ternary aluminides can be obtained by mixing Zr3Al and Ti3Al.
Banerjee [271] and Yang et al [272] confirmed that the Zr atom indeed gets substituted at Ti sites
in Ti3Al. Ravi et al [273, 274] have reported the site preference of Zr atoms in Ti3Al and the phase
stability of Ti2ZrAl compound. Recently, Zr-rich ternary intermetallic compound Zr2TiAl has been
synthesized by Sornadurai et al. using the arc-melting, vacuum annealing technique [275]. However,
no further experimental or theoretical studies have been conducted for Zr2TiAl. These points are the
main motivation of this investigation. Zr2TiAl has X2YZ type Heusler structure [275], which is quite
different from binary aluminides, and thus interesting physical properties can exists in this case. In
particular, as is known, X2YZ type Heusler compounds can exhibit unusual magnetic properties
[276]. For instance, Cu2MnAl and Cu2MnSn have a high value of the saturation magnetization and
Curie temperature [81, 80].
Some Zr based compounds like ZrMn2 and ZrFe2 have a large magnetic moment as found for Zr,
which are coupled anti-parallel to the magnetic moments of Fe and Mn [277]. The electronic structure
and physical properties of the solids change under pressure leading to semi-metal to metal transition,
magnetic to non-magnetic nature and brittle to ductile nature etc. The magnetic moment, which is
one of the physical property of the solid will vanish under pressure. In the case of 3d transition metals
like Fe, Co and Ni, the magnetic moment becomes zero at 18 GPa, 150 GPa and 250 GPa respectively
[278]. It is also observed that as pressure increases phase change [279] from an antiferromagnetic
(AFM) phase to nonmagnetic in CaFe2As2 and AFM2 to AFM1 in BaFe2As2. In the case of CsCl-
type FeSe a transition from AFM phase to NM phase is observed with intermediate FM phase [280].
In recent studies, [223] hcp Co is observed to become non-magnetic at a pressure of 180 GPa with a
series of Electronic Topological Transitions (ETT) at different pressures. Non-monotonic variation
of the density of states and superconducting transition temperature (TC) [281, 282, 215, 283] is
observed under pressure. Recently change in the FS topology and non-monotonic variation in the
density of states and single crystalline elastic constants is found to lead to the ETT’s in Nb based
superconducting compounds [284] under compression.
The study of 2D (two dimensional) materials got enormous attention after the invention of
graphene, and these materials are explored for wide range of applications, whereas the lack of
ferromagnetic order in graphene restricts the application of graphene in magnetic or magnetoelectric
field in its pure form. Here comes the importance of inherent 2D ferromagnetic materials. The
investigation of low dimensional ferromagnetic materials are of current interest, and the scientific
world is now fascinated by the result of the experimental realization of 2D magnet [285]. Van der
waals crystals are the main platform to identify the 2D magnetism, and in recent past few of the
layered materials are identified as quasi two dimensional magnetic materials [286, 287]. From this
point of view, understanding the electronic structure of layered magnetic materials, can open up the
possibility of two dimensional magnetism which is very crucial. Here we would like to investigate
few of the Mn based compounds, which has been claimed as quasi two dimensional material and
107
need to be give more attention.
The intermetallic compounds MnAlGe, MnGaGe and MnZnSb crystallize in tetragonal Cu2Sb-
type structure. These compounds are derived from Mn2Sb which is ferrimagnet with a Neel temper-
ature of 550 K, where Mn atoms have inequivalent sites, MnI and MnII. By doping MnII atoms with
non-magnetic elements like Al, Ga and Zn, we can get the ternary MnAlGe, MnGaGe and MnZnSb
compounds. These compounds are reported to be ferromagnet with Curie temperature around 503
K, 453 K and 320 K respectively for MnAlGe, MnGaGe and MnZnSb. From the crystal structure
point of view, the magnetic Mn layers are separated by two non-magnetic layers containing elements
Al-Ge or Ga-Ge or Zn-Sb which projects these layered compounds to possess nearly two dimensional
magnetic nature. The distance between Mn-Mn along a or b-axis(inplane) is equivalent with lattice
parameter ‘a or b’ and along c-axis(out of plane) is equivalent to lattice parameter ‘c’. In these
compounds, as length of ‘c’ axis increases Curie temperature is also found to increase [124] and
indicating the importance of interlayer distance along ‘c’ axis in raising of the Curie temperature.
These Mn-based magnetic materials of present study are ferromagnetic with a large uniaxial
magneto crystalline anisotropy with the easy axis along tetragonal ‘c’ axis. These type of materials
useful applications in spintronic devices [125]. To study the application of MnAlGe in magneto-
optic field, Sherwood et al [126] prepared the polycrystalline thin films and found to have promising
application for magneto-optic devices. These systems can be used in magneto-optic devices for the
storage of large amount of information. Particularly present compounds are suitable for storage
applications[127] with a capacity of 107 bits/cm2.
Apart from the above mentioned studies self consistent band structure calculations were per-
formed by Motizuki et al [128] and confirmed that the magnetic moments arise from the itinerant
electrons. Later quasi two dimensional magnetism in MnGaGe is observed by Mohn and Schwarz
[129]. In 2006, kimura et al [130] confirmed a strong two dimensional nature in these compounds
form the calculated Fermi surfaces particularly for minority spin case.
In 1963, Velge and De Vos [131] observed the influence of milling on the magnetic properties
of MnAlGe, where the saturation magnetisation and the coercivity decrease appreciably after the
mechanical loading which does not involve a reduction in particle size which indicate that structural
imperfections, rather than the changes in particle size, may play an important role. After that, a
linear decrease in the ‘a’ and ‘c’ lattice parameters is observed with increasing pressure upto 4 GPa
in both MnAlGe and MnGaGe by Kanomata et al [132]. In the case of MnZnSb Mastuzaki et al
[133] studied the effect of pressure on Curie temperature and lattice parameters up to 8 GPa and
observed anomalies in the pressure ranges between 4.2 to 6 GPa. In the present compounds increase
in the Curie temperature is observed with pressure. The values of dTc/dP is found to be 32 K/GPa,
30 K/GPa and 28 K/GPa for MnAlGe [134], MnGaGe [135] and MnZnSb [133] respectively. It
also confirmed that this large positive pressure effect on Curie temperature is due to superexchange
between Mn-Mn atoms along c-axis [133]. No literature is available about the band, Fermi surface
and magnetic nature under pressure and this motivated us to perform the present calculations.
The main aim of the present chapter is to study the magnetic behaviour of the present compounds
and its pressure dependence. The chapter is organized as follows: Section 6.2 presents computa-
tional details. The results and discussions at ambient conditions are presented in section 6.3. The
pressure effect on various properties of the investigated compounds discussed in section 6.4. Finally,
conclusions are presented in section 6.5.
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6.2 Methodology
Several first-principles methods based on density functional theory (DFT) have been used in the
present work to calculate the electronic structure, elastic constants and magnetic properties of
Zr2TiAl and Mn-based compounds. Full-Potential Linearized Augmented Plane Wave (FP-LAPW)
method as implemented in the WIEN2k [153] code is used to calculate the electronic structure and
Fermi surface properties with spin polarization. We have used PBE-GGA [186] (Perdew-Burke-
Ernzerhof parametrization of the Generalized Gradient Approximation) approximation for the ex-
change correlation potential. Throughout the calculations, the RMT (radius of muffin tin spheres)
value for each atom was fixed as 2.39 a.u for Zr atom, 2.45 a.u for both Ti and Al atoms for Zr2TiAl,
2.2 a.u for Mn, 1.9 a.u for Al, 2.0 a.u for Ge, 2.0 a.u for Ga, 2.2 a.u for Zn and 2.3 a.u for Sb
atom for Mn-based compounds. For Zr2TiAl, the plane wave cut-off has been chosen to satisfy
RMT *Kmax=9 and the potential and charge density were Fourier expanded up to Gmax=9 a.u
−1.In
the case of Mn-based compounds RMT *Kmax=9 Gmax=12 a.u
−1 was used. For Zr2TiAl, all the elec-
tronic properties like density of states and the Fermi surface have been calculated using 44×44×44
k-point grid of the Monkhorst-Pack [187] mesh, which yields 2168 k-points in the irreducible part of
the Brillouin Zone (BZ). In the case of Mn-based compounds, 35×35×23 k-mesh in the Monkhorst-
Pack [187] scheme which gives 2223 k-points in the irreducible part of the Brillouin Zone was used.
This ensures accurate determination of the Fermi level and ground state properties. Energy conver-
gence up to 10−5 Ry is used to get the proper convergence of the self consistent calculation. The
Brillouin zone integration has been done by the tetrahedron method [188]. The Birch-Murnaghan
[189] equation of state has been used to fit the total energies as a function of primitive cell volume
to obtain the bulk modulus and the equilibrium lattice parameter for the investigated compound.
For Zr2TiAl, phonon dispersions and electron-phonon interaction were calculated using the plane
wave ultrasoft pseudopotential method (PWSCF) which is implemented in QUANTUM ESPRESSO
code [154]. The GGA-PBE exchange correlation functional is used in these calculations for all the
compounds. The maximum plane wave cut-off energy (ecutwfc) was 50 Ry and the electronic charge
density was expanded up to 500 Ry. Gaussian broadening of 0.01 Ry and a 4× 4× 4 uniform grid
of q-points are used for phonon calculations.
We have not found any significant change in the electronic structure at the Fermi level with the
inclusion of spin-orbit coupling (SOC), so the reported calculations are without SOC.
6.3 Results and discussions at ambient conditions
6.3.1 Zr2TiAl
Ground state properties
In order to study the ground state properties, the total energy of Zr2TiAl has been calculated in
four different magnetic states: ferromagnetic (FM), two AFM states, AFM1 and AFM2, as well as
non-spin-polarized or nonmagnetic (NM) state. The calculated AFM structures are shown in Fig.
6.1. For AFM1, the spin orientation of Ti (111) planes is anti-parallel to each other between the
adjacent Ti (111) planes (Fig. 6.1(a)). In case of AFM2, the spin orientation of first two Ti planes
is parallel to each other and anti-parallel to next two Ti planes as shown in Fig. 6.1(b).
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(a) (b)
Figure 6.1: Calculated AFM structures: (a) AFM1: Anti-parallel spin alignment between two Ti
(111) planes in the [111] direction; (b) AFM2: Double ferromagnetically aligned (111) Ti planes,
which are antiferromagnetically aligned to the next two ferromagnetically aligned Ti(111) planes in
the [111] direction.
(a) (b)
Figure 6.2: (a) Total energy variation as a function of V/V0 for Zr2TiAl in AFM1, AFM2, Ferro-
magnetic and non-magnetic cases, (b) magnetic moment of Ti under compression for Zr2TiAl.
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The total energies are shown in Fig. 6.2(a). As one can see, the AFM1 state has the lowest
energy among the considered structures with a magnetic moment of 1.22 µB at Ti site. The total
energy increases in the sequence: AFM1 → AFM2 → FM → NM. The energy difference between
AFM1 and AFM2 is 0.76 mRy/f.u., while it is 2.22 mRy/f.u. between AFM1 and FM and 9.17
mRy/f.u. between AFM1 and NM states. This result is highly unexpected since none of the alloy
components is magnetic.
The calculated lattice parameter (a) and bulk modulus values using the Birch-Murnaghan equa-
tion of state are given in Table 6.1. The calculated lattice parameter is in good agreement with
the experiment [275]. Sieberer et al [293] concluded that if both LDA and GGA predict a magnetic
ground state at equilibrium lattice constant, then the system is magnetic. From Table 6.1 we can
observe that both LDA and GGA predict a magnetic moment for Ti atom indicating the magnetic
nature of present compound. We further performed the electronic structure calculations using the
optimized lattice parameter.
Electronic structure
The calculated band structures are given in Fig.6.3 for AFM1, AFM2 and FM states in the supercell
as shown in Fig.6.1. In AFM1 case the majority and minority band structures are degenerate and
we have plotted only majority spin bands in Fig.6.3(a). The Fermi level is aligned to 0 eV. From
the band structure we have observed five bands to cross Fermi level (EF ) and are given in different
colours in AFM1. Similarly, band structure of AFM2 state is given in Fig.6.3(b), which is almost
similar to AFM1 with a change in the band structure topology along W-L and X-W-K directions
where the bands are compressed near EF in comparison with AFM1 band structure. For the same
supercell FM calculations are done and the calculated majority and minority band structures are
given in Fig.6.3(c) and 6.3(d). The number of bands to cross Fermi level (EF ) is different in both
majority (five bands) and minority spin (four bands) cases of FM state which are indicating the
non-degenerate behaviour in the band structure topology. In FM case we find absence and presence
of bands near the EF around Γ point in majority and minority spin cases respectively. For further
calculations we proceed with the initial Heusler structure(with space group Fm3¯m) as the energy
difference between FM and AFM is very low.
The calculated energy bands corresponding to both majority and minority spin case for the ferro
magnetic phase of Zr2TiAl for normal Heusler structure(with space group Fm3¯m) are shown in
Fig.6.4(a,b) along the high symmetry directions of the cubic FCC (face centred cubic) Brillouin
zone (BZ). We have observed that in both majority and minority spin channels only one band is
crossing the Fermi level (EF ) and indicate the metallic nature of the investigated compound. The
valence band has a band width of around 7 eV in both majority and minority spin. It may be seen
that the low lying band (at -5 eV), which give rise to the low energy tail in the density of states is
mainly of Al-‘s’ states. The higher lying bands in the vicinity of Fermi level are primarily Zr-‘d’ and
Ti-‘d’ derived states. The band which is crossing the EF from valence band to conduction band in
the case of majority spin is of hole nature and in the case of minority spin it is having same nature
with a pocket at the Γ point. From the keen observation of the band structure, we have found almost
non-dispersive band just below the EF in both majority and minority spin cases. In majority spin
case it is observed along L-Γ-X and the same is observed in minority spin case along W-L and W-K
directions. This feature is particularly called as van Hove singularity which might result in a peak
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(a) (b)
(c) (d)
Figure 6.3: Band structure for Zr2TiAl at ambient conditions (a) AFM1 state, (b) AFM2 state and
Ferromagnetic (c) majority spin (d) minority spin in extended cell case.
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(a) (b)
(c) (d) (e)
Figure 6.4: Band structure for Zr2TiAl at in Ferromagnetic state in primitive cell (a) majority band,
(b) minority band. Fermi surface for Zr2TiAl at Ferromagnetic state (c) majority case, (d) minority
case and (e) Brillouin zone.
113
Figure 6.5: Density of states at ambient conditions for Zr2TiAl for both majority and minority spins.
in the electronic density of states.
Further to understand the electronic density of states (DOS) at the EF in the present investigated
compound, we have calculated the total, atom projected and orbital projected density of states using
tetrahedron method [188] and are given in Fig.6.5. For both majority and minority spin there is a
separation between bonding and anti bonding regions and the Fermi level lies in the bonding region
and lies very close to the pseudo gap. The total DOS (N(EF )) value for the majority spin is 2.677
states/eV/f.u. and for the minority spin, it is 2.630 states/eV/f.u. It is evident that the low lying
bands in both majority and minority spin are mainly due to Al-‘s’ orbitals as stated earlier and
are well separated from the higher lying ‘p-d’ band gap indicating a weak hybridization with higher
bands in both majority and minority spin. From the calculated atom projected DOS, we can see that
at EF , the major contribution is from the Ti atom in the majority spin, especially Ti ‘dt2g ’ states.
In the minority spin especially ‘deg’ states of Zr atom contribute more at the EF . As previously
discussed the peak below the EF in majority spin case and on the EF in the minority spin case are
due to van Hove singularity in the band structure.
To analyse the Fermi surface topology of the bands which cross the EF in both spin cases we
have calculated Fermi surfaces (FS) for the corresponding bands and are shown in the Fig. 6.4(c,d).
As we already discussed, the FS for majority spin has a hole sheet (Fig. 6.4(c)) which is due to
the band crossing the EF from valence band to conduction band along W-L and X-W-K directions
as shown with dotted line in Fig. 6.4(a). In this FS we have openings at X and L points in the
BZ where the band crossing is absent in the BZ. In the case of minority spin we have single FS
(Fig.6.4(d)) which have pocket around Γ point due to the band crossing at the same Γ point from
valence band to conduction band. This Γ point pocket is covered with a sheet except at the square
face of the BZ which is due to the band crossing EF along W-L and W-K directions from valence
band to conduction band which is shown with dotted line in Fig.6.4(b).
To discuss the bonding in the present compound, we have calculated the difference charge den-
114
(a) (b)
(c) (d)
Figure 6.6: Difference charge density plot for Zr2TiAl (a) in 2D and (b) in 3D, spin charge density
plot (c) in 2D and (d) in 3D.
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sity(indicates charge gain and loss) and spin charge density and are given in Fig. 6.6. Pauling
electro negativity values for the constituent atoms are 1.33, 1.54 and 1.61 for Zr, Ti and Al atoms
respectively. There is a possibility of charge transfer from Zr and Ti to Al due to its high electro
negativity values. Due to this charge transfer the Ti3+ state would be formed, which is due to the
loss of three valence electrons and has only one free electron. Due to this free electron a possible spin
magnetic moment will arise which could be a reason for the present magnetic moment at Ti site.
We have also calculated the Bader charge [294] to identify the charge flow among the constituent
elements as given in Table 6.2. The calculated values are 0.47e for each Zr atom, 0.12e for Ti and
-1.07e for Al at ambient conditions. This shows the charge flow from Zr and Ti elements to Al.
As Al is the most electronegative element in this compound it will pickup 0.47e from each Zr and
0.12e from Titanium. The latter again follows from the electro negativities, as Zr is more electro
positive than Ti. From the calculated spin charge density plots we can observe that the magnitude
of the spin density is more at the Ti atoms site rather than other atoms. This indicates that the
effect of Ti is more compared to other elements contributing to the magnetic nature in the present
compound.
Elastic constants
To check the mechanical stability of the present compound we have calculated the elastic constants
for both magnetic and non-magnetic cases and are given in the Table 6.3 at ambient conditions.
The calculated single crystalline elastic constants C11, C12 and C44 are found to satisfy the Born
mechanical stability criteria [192] i.e. C11 > 0, C44 > 0, C11 > C12, and C11+2C12 > 0, in magnetic
case. But in the case of non-magnetic case these criteria are not fulfilled. This further confirms the
mechanically stable nature of the present compound in magnetic case.
Phonon dispersion
In order to comment on the phase stability of the investigated compound, we have calculated the
phonon dispersion relations along the high symmetry directions of the Brillouin zone at ambient
conditions for both magnetic and non-magnetic phases illustrated in Fig.6.7 along with the partial
phonon density of states. In each plot there are 12 phonon branches as the unit cell of Zr2TiAl
contains four atoms. There are three acoustic and nine optical branches. The absence of imaginary
modes in the magnetic phase as shown in Fig.6.7(a) indicates the stability in the magnetic phase
at ambient conditions, whereas the instability in the non-magnetic phase at ambient conditions is
observed with the presence of imaginary mode along Γ- X - W direction as shown in Fig.6.7(b).
By comparing these phonon dispersion plots in both the cases at ambient conditions, frequency
hardening is observed in magnetic phase rather than in non-magnetic phase. In both phases the
higher frequency optical modes at nearly 265 cm−1 are separated with a gap of 80 cm−1 from other
lower frequency modes. From the calculated partial phonon density of states we can say that the
vibrational energies are higher in magnetic phase compared to the non-magnetic phase. Again from
the partial phonon density of states, the higher frequency optical modes are due to the lighter Al
atoms in both magnetic and non magnetic case. In the magnetic case the modes near the frequency
175 cm−1 are separated from higher and lower frequency branches and are due to the contribution
of the Ti atoms. In lower frequency region the contribution of all atoms is same in both magnetic
and non-magnetic case.
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Figure 6.7: Phonon dispersion plots along with partial phonon density of states at ambient conditions
(a) magnetic case and (b) non magnetic case (black continuous line for V/V0=1.0, red dotted line
for V/V0=0.75) for Zr2TiAl.
As shown and already discussed, the magnetic phase is found to be stable at ambient conditions,
but under pressure we find a second order phase transition from magnetic to non-magnetic phase,
where we find the magnetic moment of Ti to vanish as shown in Fig.6.2(b) at a pressure of 46 GPa.
A detailed discussion of the pressure effect on the above mentioned properties is given in the next
section.
6.3.2 Mn-based compounds
Ground state and electronic structure properties
Cu2Sb type Mn based compounds have tetragonal structure with space group P4/nmm (no. 129).
Atomic positions are taken as Mn at 2a (0.00, 0.00, 0.00), Al/Ga/Zn at 2c (0.00, 0.50, z), and Ge/Sb
at 2c (0.00, 0.50, z′) where z and z′ values are taken as 0.273 and 0.720 for all the compounds and
the optimized positions are given in Table 6.4. Crystal structure for the present compounds is given
in Fig. 6.8(a) for structure with origin choice 1 and in Fig. 6.8(b) for origin choice 2. All the
calculations are performed with origin choice 2 structure. By using these optimized positions we
have calculated the equilibrium lattice parameters for all the investigated compounds and are given
in Table 6.5. The calculated magnetic moment of ‘Mn’ atom with the equilibrium lattice parameters
for these compounds is also given in the same table and the values are in good agreement with
the experiments for MnAlGe and MnGaGe, but is over estimated for MnZnSb, yet comparable
with the other available results. Crystal structure of these compounds is isostructural with Mn2Sb,
but magnetic structure is very simple as one of the Mn atoms of the molecule is replaced by a
nonmagnetic atom Al/Ga/Zn. The planes consisting of Mn atoms are perpendicular to the ‘z’ axis
and the distance between the adjacent planes is very large. It seems to be a strong direct bonding
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(c)
Figure 6.8: Crystal structure of Mn based compounds (a) origin choice 1 (b) origin choice 2. All
the present calculations are performed by using origin choice 2 structure. (c) Brillouin zone for the
present compounds
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Figure 6.9: Charge density plots among in-plane and out-of plane Mn atoms (a) MnAlGe, (b)
MnGaGe, (c) MnZnSb and (d) among all atoms in MnAlGe(this is similar to remaining compounds
also).
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of magnetic atoms in the net planes and a relatively weak bonding between two planes of magnetic
and nonmagnetic atoms which is considered to be a typical two dimensional ferromagnetic system.
Though the magnetic moment of Mn atoms is usually large in some of the intermetallic compounds
such as 11-type MnAs, MnSb (around 3.5 µB) and in some of the Heuslar alloys (around 4 µB), the
magnetic moment per Mn atom making the two-dimensional net plane in the present compounds is
small (see the Table 6.5). Calculated atomic distances are also given in the same table where one
can see the Mn-Mn distance along the ‘c’-axis to be almost twice as that of the Mn-Mn distance
within the layer which causes the magnetically two dimensional nature in the present compounds.
To understand the chemical bonding of the constituent elements in the present compounds, we have
given the electronic charge density plots for all the compounds in Fig. 6.9. From the figure it is
quite clear that bonding within the ’ab’ plane Mn atoms (shown with green colour) is stronger than
the bonding along ’c’-axis Mn atoms(shown in red colour). To know the charge density among
the constituent elements the charge density plot for Mn-Al-Ge is given in Fig. 6.9(d). From this,
we have observed that the bonding is more pronounced between Mn-Ge/Sb atoms compared to
Mn-Al/Ga/Zn and Al/Ga/Zn-Ge/Sb. The strong in-plane bonding and weak out of plane bonding
clearly give an insight towards quasi two dimensional nature of these compounds. This charge
flow depends on the electronegativity of the atoms and the difference in electronegativity values
between them. The electronegativity values for the constituent elements are 1.55(Mn), 1.61(Al),
2.01(Ge), 1.81(Ga), 1.65(Zn) and 2.05(Sb). If we consider the systems like MnXY(X=Al/Ga/Zn
and Y=Ge/Sb), electronegativity value of Y element is more, less for Mn and moderate for X element
in all the compounds. So, charge flow will be more between Mn-Y atom compared to Mn-X and
X-Y which is concluded from the charge density plots.
The calculated band structure and Fermi surface (FS) for all the compounds is given from
Fig. 6.10 to Fig. 6.12 for both majority and minority spins. The overall band profile is looking
similar for all the compounds except the number of bands crossing the Fermi level (EF ) and nature
(electron/hloe) of these bands at EF . For all compounds in both majority and minority spin cases,
the bands are doubly degenerate along X-R-A-M-X and in remaining directions the degeneracy is
lifted out. Highly flat bands are observed along Γ-Z (along c-axis) direction, and a dispersive nature
is observed along Γ-X (along a-axis) direction, which shows the signature of quasi two dimensional
nature of these compounds, and the mixture of heavy and light bands might contribute for better
thermoelectric properties in these compounds. It is to be noted that the first FS in all the investigated
compounds for majority spin case, is similar and have a hole pocket at R point. From the overall
FS topology, we can see the two dimensionality in FS particularly in minority spin case for all the
compounds.
In MnAlGe, two bands are found to cross EF in both the spin cases and are indicated with
colour(red and green) as shown in Fig. 6.10. In the case of majority spin the red colour band crosses
the EF only at R point from valence band to conduction band which may have hole pockets at R
point in the Fermi surface. The remaining band which is shown in green is crossing the EF twice
and may have a mixed sheet in the Fermi surface. These two bands have Mn-‘dxz+dyz’ character
near EF . In the case of minority spin band, red color band cross EF at different high symmetry
points and have mixed character of Mn-‘dz2 ’ and ‘dxy’ but the remaining band cross EF along X-R
and have Mn-‘dxy’ character. As we move from MnAlGe to MnGaGe, where ‘Al’ is replaced with
‘Ga’, which is same group element(band structure and FS are given in Fig. 6.11), EF is found to
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Figure 6.10: Band structure for MnAlGe (a) majority spin (b) minority spin. Fermi surfaces of
MnAlGe in both majority spin and minority spin cases. First two (c, d) FS belongs to majority spin
case and the remaining two (e, f) belong to minority spin case.
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Figure 6.11: Band structure for MnGaGe (a) majority spin (b) minority spin. Fermi surfaces of
MnGaGe in both majority spin and minority spin cases. First two (c, d) FS belongs to majority
spin case and the remaining three (e, f, g) belong to minority spin case.
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Figure 6.12: Band structure for MnZnSb (a) majority spin (b)minority spin. Fermi surfaces of
MnZnSb in both majority spin and minority spin cases. First four (c, d, e, f) FS belongs to majority
spin case and the remaining two (g, h) belong to minority spin case.
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Figure 6.13: Schematic representation of nesting vector directions for different Fermi surfaces (a)
2D representation of first FS in majority spin of the all the compounds, (b) 2D representation of
second FS of in majority spin of MnAlGe and MnGaGe, (c) 2D representation of last FS in minority
spin case MnAlGe and MnGaGe, (d) 2D representation of last FS in minority spin case MnZnSb.
shift towards valence region. Due to this shift, one more band in addition is found to cross EF
in minority spin case along Γ-X and Z-R. In the minority spin case first band has Mn-‘dxz+dyz’
character, second band has mixed nature of Mn-‘dz2 ’ and ‘dxz+dyz’ and the final band possess Mn-
‘dxy’ character. In majority spin case, the band structure scenario is same as MnAlGe except at Γ
point, where we find a band to cross EF from conduction band to valence band. Due to this one
can expect a pocket/sheet around Γ point in the Fermi surface topology but the orbital character is
same as MnAlGe majority spin. In the case of MnZnSb, we have observed four bands and two bands
to cross the EF in majority spin and minority spin case respectively as shown in Fig. 6.12. The
first two bands in the majority spin case are crossing EF only at R point from valence to conduction
region. The next blue coloured dotted band cross EF at A, M and around Γ from conduction to
valence region. The remaining band in the majority spin case cross EF at A and M points only form
conduction to valence region. Among these first band has Mn-‘dxz+dyz’ character, second one has
a mixed nature of Mn-‘dx2−y2 ’ and ‘dxz+dyz’, third one has Mn-‘dx2−y2 ’ character and last one has
same character as second one. In the case of minority spin of MnZnSb red colour band cross around
Γ and has Mn-‘dz2 ’ character and the remaining green dotted band continuously stay in conduction
region around Z and Γ, where one we expect sheet like Fermi surface and has a mixed nature of
Mn-‘dz2 ’ and ‘dxz+dyz’.
To understand more about the scenario at the Fermi level, we have calculated Fermi surfaces
(FS) for all the compounds in both the spin cases and are given along with band structure plots.
First to note is that the first FS in all the investigated compounds for majority spin case, is similar
and have a hole pocket at R point. The second FS in majority spin case in MnAlGe and MnGaGe
is similar except for a sheet around Γ point in MnGaGe. Now let us analyse the FS of MnAlGe
in detail. For both majority and minority spin cases, FS possess flat sheet like shape, which is
expected for a quasi two dimensional system. If we look at the first FS of majority spin and second
FS of minority spin, there is a possibility of Fermi surface nesting along Γ to R and X to R, and the
remaining FS are found to be little complicated. For MnGaGe minority spin case, we have three FS
due to crossing of three bands at EF , which are also having quasi two dimensional character. First
FS have dumbbell like FS along Γ-X and Z-R due to band crossing along these directions. Next FS
is similar as first minority FS except having a pocket at Γ point. The last FS has sheet along X-R
direction. Fermi surface nesting possibility similar to MnAlGe is observed in this compound. In
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the case of MnZnSb, second FS in majority spin has similar character as first one. Remaining two
FS in majority spin case are found to have electron nature. In minority spin case, we have two FS
and are having hole nature with quasi two dimensional character in these two FS. Unlike the other
two compounds possibility of Fermi surface nesting is found to be more in this compound, such
as all the FS for both majority and minority spin case may have nesting feature. Overall, the FS
analysis also confirmed the quasi two dimensional nature in the investigated compounds. To discuss
the nesting feature in these compounds at ambient conditions, schematic representation of nesting
vector direction is given in Fig. 6.13 for some of the Fermi surfaces. Fig. 6.13(a) represents the first
FS in majority spin case for all the compounds having a nesting vector along X-R direction around
∼ 0.30×2π/a. Nesting vector in the second FS of majority spin case of MnAlGe and MnGaGe is
represented in Fig. 6.13(b) having a nesting vector along X-R around ∼ 0.28×2π/a. Fig. 6.13(c)
represents the nesting vector in the last FS of minority spin in both MnAlGe and MnGaGe along
Z-R direction around ∼ 0.47×2π/a. Fig. 6.13(d) indicates the nesting vector direction of the last
FS in the minority spin of MnZnSb along Γ-X around ∼ 0.345×2π/a.
We have calculated total and atom projected density of states(DOS) for all the compounds and
are given in Fig. 6.14. From this we have observed exchange splitting in all the compounds. The
compounds MnAlGe and MnGaGe have high electronic DOS at EF in minority spin case with
a value of 4.25 and 4.32 states/eV/f.u. compared to majority spin (0.60 and 0.78 states/eV/f.u.
for MnAlGe and MnGaGe respectively for majority spin case). But in the case of MnZnSb it is
found that DOS in majority spin case is higher with a value of 1.80 states/eV/f.u. compared to
minority spin(1.56 states/eV/f.u.) at EF . This indicates strong ferro magnetic nature in MnAlGe
and MnGaGe(because of more directionality in majority spin case) compared to MnZnSb. In all
the compounds major contribution to the DOS at EF is from Mn-‘d’ atoms in both majority and
minority spin cases. Particularly in the case of MnAlGe and MnGaGe compounds Mn-‘dxy + dyz’
states and in the case of remaining MnZnSb, Mn-‘dx2y2 ’ states are contributing more in majority
spin case at EF . In the similar way, for minority spin case Mn-‘dxy’ states are contributing more
in MnAlGe and Mn-‘dz2 ’ states are contributing more in the case of remaining compounds at EF .
Ge/Sb atoms have secondary contribution in majority spin case and Al/Ga/Zn atoms are found to
have secondary contribution in minority spin case. In all the compounds, states around the energy -9
eV are due to the ‘s’ states of Ge/Sb. We have also calculated Sommerfield coefficient values for the
investigated compounds and are given in Table. 6.5 along with the available results. The calculated
values are in good agreement for MnGaGe and MnZnSb compounds and slightly overestimated for
MnAlGe.
Elastic constants
To check the mechanical stability, in the present compounds we have calculated the single and
poly crystalline elastic constants for all the compounds and are given in Table 6.6. Calculated single
crystal elastic constants are following the stability criteria [192] for a tetragonal system as given below
indicating the mechanically stable nature of the investigated compounds at ambient conditions. C11
>0, C33 > 0, C44 > 0, C66 > 0, (C11-C12) > 0, (C11+C33-2C13) > 0, 2(C11+C12)+C33+4C13 > 0
From the tabulated data, it is found that in all the compounds C11 (C22=C11) is smaller than C33
indicating that ‘a’ or ‘b’ axis is more compressible than the ‘c’ axis. In the same way, C44 (C55=C44)
for all the compounds is larger than C66 indicating that deforming by a shear in (1 0 0) or (0 1 0)
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Figure 6.14: Density of states for (a) MnAlGe, (b) MnGaGe and (c) MnZnSb.
plane is more difficult than in (0 0 1) plane. The calculated bulk modulus is found to be higher
for MnGaGe with a value of 120 GPa and lower for MnZnSb with a value of 75 GPa. Calculated
anisotropy values indicate MnGaGe to have more anisotropy compared to other two compounds.
Calculated Young’s modulus is found to be higher for MnAlGe with a value of 181 GPa and lower
for MnZnSb with a value of 98 GPa. No other data is available to compare the calculated poly
crystalline elastic constants for the present compounds.
As we discussed above, anomalies are observed in all the compounds with the application of
pressure in the lattice parameters and Curie temperatures. It is quite reasonable to study the
properties of these materials under pressure which is discussed in the next subsection.
6.4 Results and discussions for systems under pressure
6.4.1 Zr2TiAl
The calculated effects of applied pressure on the band structure of Zr2TiAl are illustrated in Fig.
6.15 for both majority and minority spins. Here we have applied uniform compression in all the
crystallographic directions. With increasing pressure the number of bands crossing EF is increased
from one to three in both spin cases upto the final compression. This indicates the Electronic
topological transitions (ETT) in the present compound at different compressions. The corresponding
change in the FS topology at each compression is given in the Fig. 6.16 and 6.17. As pressure
increases, EF shift towards either higher or lower energy region. This shift in the EF can cause
changes in the band structure which again leads to a change in the FS topology. In our case we find
EF to shift towards the valence region in majority spin case and towards the conduction region in
the minority spin case which is evident from Fig. 6.15. Due to this, the number of bands to cross
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Figure 6.15: Band structure for Zr2TiAl under compression, given near the vicinity of the Fermi
level (0 eV). The bands which cross the EF are indicated with colour.
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V/V0=1.00 and 0.98
V/V0=0.96
V/V0=0.94
V/V0=0.92
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V/V0=0.80
V/V0=0.75
Figure 6.16: Majority spin Fermi surface of Zr2TiAl under compression.
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Figure 6.17: Minority spin Fermi surface of Zr2TiAl under compression.
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Figure 6.18: Majority spin band structure for Zr2TiAl at V/V0=0.96 (zoomed at the EF ).
EF is increasing at particular pressures in both the spin cases. The topology of the FS depends on
the area occupied by the band near EF . As pressure increases, there is a change in the occupied
area of the band at EF which leads to a change in the FS topology. From Fig. 6.16 and 6.17, it
is observed that a continuous change in the topology of FS at all the compression along with the
addition of new FS sheets at certain compressions lead to ETT’s. From Fig. 6.15, it is observed
that the additional band to cross the EF in majority spin case occurs at V/V0=0.96 (pressure of
4.22 GPa) along Γ-X direction. Due to this, we find an additional FS which is evident from the
Fig. 6.15 at the same compression. The complete band structure at this compression is given in
Fig. 6.18 and the corresponding FS topology can be found in Fig. 6.16. From this, we found small
pockets along Γ-X in the first FS which is evident from Fig. 6.18 at this compression compared to
ambient. At the same point the second band is also found to cross the EF which is evident from
the zoomed figure from Fig. 6.18 and the corresponding FS is shown in Fig. 6.16. For higher
compressions, the FS topology change still continues, and at V/V0=0.92 (pressure 9.45 GPa) for
minority spins two additional bands are found to cross the EF and due to this two additional FS
sheets are found (see Fig. 6.15). From Fig. 6.19, where the complete band structure is given
and corresponding FS topology presented in Fig. 6.17., the changes in the band structure and FS
topology are observed at L point where the new bands are added as shown from the zoomed band
structure in Fig. 6.19. The FS for these new bands are given in Fig. 6.17. Above this compression
at V/V0=0.85 (pressure of 21 GPa) in majority spin case another band is found to cross the EF at Γ
point. Due to this an extra FS sheet is found at the Γ point which is evident from Fig. 6.16. At the
final compression V/V0=0.75 (pressure of 46 GPa) it is found that the band structure and FS for
both majority and minority spin cases is found to be same indicating the non-magnetic nature of the
present compound at this compression. The complete band structure is given for this compression
in Fig. 6.20 (corresponding FS can be see in Fig. 6.16 and 6.17). This non-magnetic nature is
again confirmed from the calculated magnetic moment of the Ti, which is found to be 0 µB at this
compression as shown in Fig. 6.2(b).
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Figure 6.19: Minority band structure for Zr2TiAl at V/V0=0.92 (zoomed at the EF ).
(a) (b)
Figure 6.20: Band structure for Zr2TiAl at V/V0=0.75 (a) majority spin band and (b) minority
spin band.
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Figure 6.21: (a) Total electronic density of states for Zr2TiAl under compression for both majority
and minority spin case along with the shear modulus (Cs) elastic constant under compression. (b)
Single crystalline elastic constants under pressure.
These changes in the FS topology are again an indication of some anomalies in the system. For
further investigations we have also calculated the DOS under compression and the results are given
in Fig. 6.21(a). Non-monotonic variations in the DOS under compression in both majority spin and
minority spin are found. Recently it was shown that the Fermi surface topology change and non
monotonic variation in the DOS can be used to predict the ETT’s in the Nb based superconducting
compounds [284]. In the present compound this could be a reason for second order magnetic to
non-magnetic phase transition.
To confirm the signatures of ETT’s we have also calculated the single crystalline elastic con-
stants and shear modulus (Cs=(C11-C12)/2) for all the compressions and the values are plotted in
Fig. 6.21. From the above discussion, we have observed ETT’s at V/V0=0.96(for majority spin),
V/V0=0.92(for minority spin) and V/V0=0.85(majority spin) and in remaining compressions a con-
tinuous change in the band structure and FS topology is also observed. The ETT’s due to the
majority spin (V/V0=0.96, 0.85) can be directly observed from the softening of Cs elastic constant
at that compression from Fig. 6.21(a). The remaining ETT due to the minority spin (V/V0=0.92)
is not observed directly form the Cs but it can be observed form the calculated total DOS in mi-
nority spin case at that compression where we can see the decrease in the total DOS value from
Fig. 6.21(a). A sudden drop in the total magnetic moment is observed at V/V0=0.92 and 0.85 due
to complete occupancy of minority spin at V/V0=0.92 and majority spin case at V/V0=0.85. The
resulting decrease in the magnetic moment is the primary reason for the destabilization of magnetic
phase in Zr2TiAl at high compressions. Again to confirm the non-magnetic phase at V/V0=0.75 we
have calculated the phonon dispersion relations at the same compression and they are given in Fig.
6.7(b) (red coloured dotted line), where we observed the phonon hardening and the disappearance
of imaginary mode.
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Figure 6.22: Effect of pressure on the lattice parameters for all the Mn-based compounds along with
available experimental results.
6.4.2 Mn-based compounds
As these compounds are found to have quasi two dimensional nature, it is interesting to check the
pressure effect on the quasi two dimensionality and also the effect of pressure on the electronic
structure properties. Here we have applied hydrostatic pressure for all the compounds with V/V0
ranging from 1.00 to 0.90. Effect of pressure on the lattice parameters for all the compounds are
given in Fig. 6.22 along with the available experimental results. Linear decrease in the ‘a’ and ‘c’
lattice parameters is observed under pressure in all the compounds. The values are comparable with
available experimental results, shown as an inset in the same figure. We have also calculated the
total DOS and magnetic moment of Mn atom under compression and are given in the Fig. 6.23.
Decrease in the magnetic moment of Mn atom is observed to be more in MnZnSb when compared
to other compounds. Total DOS of minority spin is found to decrease in MnAlGe and MnGaGe
compounds with small increase in the minority spin case. In the case of MnZnSb it is quite different
from other two compounds, upto the compression around V/V0=0.96, majority spin total DOS is
found to increase and minority total DOS is found to decrease. After this compression the scenario
in inverting.
As pressure increases a continuous change in the band and FS topology is observed in all the
compounds. In MnAlGe and MnGaGe at compression around V/V0=0.92 a sudden change in the
FS and band topology is observed. The band and FS for MnAlGe and MnGaGe at this V/V0=0.92
compression are given in Fig. 6.24 and 6.25. In the case of MnAlGe we have observed that the first
band in majority spin case is found to cut the EF along M-Γ direction, leading to a hole pockets in
136
(a) (b)
Figure 6.23: (a) Density of states under compression for all the Mn-based compounds and (b)
magnetic moment of Mn under compression for all the Mn-based compounds.
the FS topology as shown in Fig. 6.24. In the same way, we found the absence of pockets at X point
in minority spin case compared to ambient one. Similarly, absence of pockets at Γ point in MnGaGe
for both majority and minority spin cases is observed as shown in Fig. 6.25 compared to ambient. At
the same compression we have found the sudden drop in the total DOS of minority spin in MnAlGe
and a sudden increase in the minority spin case in MnGaGe is observed. The pressure corresponding
to these compression in MnAlGe and MnGaGe is around 12.9 and 12.5 GPa respectively. In the
case of MnZnSb, absence of one FS in minority spin case is observed at V/V0=0.96 (pressure of
4.2 GPa) and a drastic change in the complete band and FS topology is observed at V/V0=0.92
(pressure of 8.5 GPa). Band and FS topology of these two compressions is given in Fig. 6.26 and
Fig. 6.27. Experimentally Matsuzaki et al [133] observed small anomalies in the lattice parameters
‘a’ and ‘c’ in the pressure range between 4.2 and 6 GPa. In our study, we have observed changes
in the band structure, FS topology in MnZnSb around the experimentally mentioned pressures. A
drastic decrease in the magnetic moment of Mn atom in MnZnSb is also confirmed at V/V0=0.92
as shown in Fig. 6.23(b).
As pressure increase further, a continuous change in both band and FS are observed. The band
structure and FS topology is given for the final compression V/V0=0.90 for all the compounds to
observe the effect of pressure in Fig. 6.28-6.30. In majority spin case, additional band is found to
cross EF in MnAlGe around Γ point and the corresponding FS is shown in Fig. 6.28. As pressure
increases, EF is found to shift towards lower energy regions which will effect the size and shape
of the FS topology as compared to ambient. Similar to MnAlGe, we have also observed changes
in the FS topology in MnGaGe and MnZnSb and the plots are given in Fig. 6.29 and Fig. 6.30
respectively. At the final compression the band and FS topology are found to be same in all the
investigated compounds. The pressure values corresponding to the final compression for MnAlGe,
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Figure 6.24: Band structure for MnAlGe at V/V0=0.92 (a) majority spin (b) minority spin case.
FS of (c, d) majority spin and (e, f) minority spin case.
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Figure 6.25: Band structure for MnGaGe at V/V0=0.92 (a) majority spin (b) minority spin case.
FS of (c, d, e) majority spin and (f, g) minority spin case.
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Figure 6.26: Band structure for MnZnSb at V/V0=0.96 (a) majority spin (b) minority spin case.
FS of MnZnSb at V/V0=0.96 (c, d, e, f) majority spin and (g) minority spin case.
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Figure 6.27: Band structure for MnZnSb at V/V0=0.92 (a) majority spin (b) minority spin case
and FS of MnZnSb at V/V0=0.92 (c, d) majority spin and (e, f) minority spin case.
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MnGaGe and MnZnSb are around 17.10 GPa, 16.6 GPa and 11.15 GPa respectively. Now let us
analyse the enhancement of quasi two dimensional nature under pressure. If we look at MnAlGe, at
ambient conditions state itself the system is quasi two dimensional which we have already shown,
and in the compressed state, the two dimensional character is found to increase which is evident from
the FS shape. The last FS in minority spin case clearly indicate the enhanced two dimensionality.
The possibility of Fermi surface nesting is also found to be increased, each FS might show nesting
nature in this compressed state. Similar behaviour is observed for other compounds also. For the
last FS of minority spin, schematic representation of nesting vector is given in Fig. 6.31 along Γ-X
direction and the nesting vector is around ∼ 0.48×2π/a for all the compounds.
The calculated single crystalline elastic constants under compression for all the compounds is
given in Fig. 6.32, where we observed a non-monotonic variation in all the compounds. In MnZnSb,
under compression, negative values are observed in C12 (at V/V0=0.96 (pressure of 4.66 GPa)), C13
and C33 (both at V/V0=0.94 (pressure of 6.44 GPa)) elastic constants. The pressure values for
these compressions are the same where the experimental [133] anomalies are observed in the lattice
parameters under pressure. This further confirms either the structural instability or an ETT in
MnZnSb. To check the possible structural transition in MnZnSb, we have calculated total energies
under compression for different possible phases (cubic-α, β, γ and Orthorhombic, Hexagonal phases)
and are plotted in Fig. 6.33. From this figure we are not able to find any phase transition among the
given structures. It may lead to the phase transition to another new structure which needs further
studies on MnZnSb and will serve as the future scope of this work. It might be possible that the
ETT observed at V/V0 around 0.96 might have lead to the mechanical instability and this can be
observed from the FS topology.
From the above discussions it is found the quasi two dimensional nature is found to increase in
all the compounds with pressure and is evident from the calculated FS topology. With pressure
decrease in the magnetic moment of the Mn atom is observed.
6.5 Conclusion
We have investigated the electronic, magnetic, elastic, and vibrational properties of the Zr2TiAl
at ambient pressure as well as under compression. The obtained structural parameters are in good
agreement with the existing experimental data. We have determined that Zr2TiAl has antiferromag-
netic ground state with ordering majority spin and minority spin Ti (111) layers with the magnetic
moment of Ti atoms around ∼1.22 µB . The stability of the magnetic phase is also confirmed from
the calculated elastic constants and phonon dispersion relations. We have also observed the magnetic
to non-magnetic phase transition under compression due to the disappearance of the Ti magnetic
moment, which tends to zero at V/V0=0.75 (≈ 46 GPa). Three ETT’s are observed at V/V0=0.96,
0.92 and 0.85, due to which a sudden drop in the magnetic moment of Ti atom is observed under
compression.
Quasi two dimensional nature is confirmed in Mn-based compounds from the Fermi surface cal-
culations. Under compression decrease in the magnetic moment of Mn atom and change in the
band and FS topology is observed in all the compounds. In MnZnSb, negative values in the elastic
constants are observed under compression where we find change in band and FS topology correspond-
ingly. These pressure values are in good agreement with experiment, which might further indicate
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(a) (b)
(c) (d)
(e) (f)
Figure 6.28: Band structure for MnAlGe at V/V0=0.90 (a) majority spin (b) minority spin case .
FS of (c, d) majority spin and (e, f) minority spin case.
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(a) (b)
(c) (d)
(e) (f) (g)
Figure 6.29: Band structure for MnGaGe at V/V0=0.90 (a)majority spin (b)minority spin case. FS
of (c, d) majority spin and (e, f, g) minority spin case.
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(a) (b)
(c) (d)
(e) (f)
//
Figure 6.30: Band structure for MnZnSb at V/V0=0.90 (a) majority spin (b) minority spin case.
FS of (c, d) majority spin and (e, f) minority spin case.
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Figure 6.31: Nesting vector direction of the last FS in minority spin case in 2D representation.
the structural instability around this compression in MnZnSb, which needs further investigation.
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(a) (b)
(c)
Figure 6.32: Elastic constants under compression (a) MnAlGe, (b) MnGaGe and (c) MnZnSb.
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Figure 6.33: Energy versus compression for different possible structures of MnZnSb.
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Table 6.1: Ground state properties of Zr2TiAl at ambient pressure combined with experimental
reports. Lattice parameter a in A˚, Bulk modulus B in GPa and Magnetic moment in µB .
Parameters LDA LDA-mag GGA GGA-mag Experimentala
Lattice parameter a 6.668 6.712 6.813 6.841 6.8400
Bulk modulus B 115 110 102 97 –
Magnetic moment of Ti – 0.8 – 1.22 –
a : Ref. [275]
Table 6.2: Calculated Bader charge in the unit of electron charge (e) for all the compressions of
Zr2TiAl.
V/V0 Zr1 Zr2 Ti Al
1.00 0.47 0.47 0.12 -1.07
0.98 0.46 0.46 0.13 -1.06
0.96 0.45 0.45 0.14 -1.05
0.94 0.44 0.44 0.15 -1.04
0.92 0.42 0.42 0.17 -1.01
0.90 0.41 0.41 0.18 -0.99
0.85 0.36 0.36 0.21 -0.93
0.80 0.30 0.30 0.24 -0.83
0.75 -0.01 -0.01 0.48 -0.46
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Table 6.3: Calculated elastic constants (in the unit of GPa) at ambient conditions for both magnetic
and non-magnetic phases of Zr2TiAl.
Parameters Magnetic case Non-magnetic case Experiment
C11 109 94 -
C12 90 100 -
C44 58 53 -
Table 6.4: Optimized z and z′ values for Mn-based compounds.
MnXY zX z
′
Y
MnAlGe zAl = 0.284 z
′
Ge = 0.735
MnGaGe zGa = 0.288 z
′
Ge = 0.737
MnZnSb zZn = 0.261 z
′
Sb = 0.733
Table 6.5: Optimized lattice parameters a, c in A˚ and calculated magnetic moment of total system
(in units of µB/cell), individual elements (in units of µB), Sommerfield coefficient (γ) in the units
of mJ/mol K2 for all the Mn-based compounds. Calculated distances between the atoms are also
given (in the units of A˚ ).
Parameters MnAlGe MnGaGe MnZnSb
exp This work exp This work exp This work
a 3.914a 3.92 3.966c 3.97 4.173d 4.171
c 5.933a 5.87 5.885c 5.81 6.233d 6.232
Total magnetic moment - 3.25 - 3.20 - 5.25
µBMn 1.40
a,1.7b 1.66 1.66c 1.67 1.50e, 1.2d 2.66
µBAl/Ga/Zn -0.02
b -0.013 -0.02b -0.018 - -0.021
µBGe/Sb -0.06
b -0.043 -0.07b -0.045 - -0.072
γ 8.9f 14.605 8.7f 9.105 11.3f 14.42
Mn-Mn (in plane) - 2.773 2.8g 2.804 - 2.949
Mn-Al/Ga/Zn (in plane) - 2.573 - 2.595 - .644
Mn-Ge/Sb (in plane) - 2.501 - 2.504 - 2.668
Mn-Mn (along c-axis) - 5.87 5.89g 5.81 - 6.232
a : Ref. [288]; b : Ref. [128]; c : Ref. [289]; d : Ref. [290]; e : Ref. [291]; f : Ref. [292]; g : Ref. [135]
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Table 6.6: Elastic constants (in the units of GPa), bulk modulus (B) (in the units of GPa), A is
Anisotropy factor, σ is Poisson’s ratio and E is Young’s modulus (in the units of GPa) for Mn-based
compounds.
MnAlGe MnGaGe MnZnSb
C11 185 174 94
C12 116 136 9
C13 59 66 74
C33 202 193 175
C44 103 94 71
C66 75 51 25
B 115 120 75
A 3 5 2
σ 0.24 0.29 0.23
E 181 146 98
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Chapter 7
Conclusions
In condensed matter physics, researchers have paid considerable attention towards the study of elec-
tronic structure properties to understand different material properties through Density Functional
Theory (DFT), which is used to solve quantum many body problem. In the present thesis, DFT is
used to calculate the electronic structure properties of different types of materials both at ambient
conditions and at high pressures.
The importance of the Fermi surface topology in explaining different properties of metals, effect of
pressure and it’s importance is discussed in the introduction chapter along with a brief introduction
about the compounds studied in the present thesis work. We have given an overview of DFT in
the second chapter together with a short discussion about the linearized augmented plane wave
method, pseudopotential method which are two different electronic structure calculation methods
implemented in the WIEN2k [153] and Quantum Espresso codes [154], respectively. In our present
thesis we have used WIEN2k code to calculate the electronic structure properties, FS topology,
mechanical properties. To analyse the superconducting properties in some of the studied compounds,
we have used Quantum Espresso package.
We have reported a theoretical description of the ground state, electronic structure, mechanical,
vibrational properties of Ni-based Heuslar compounds, Ni2XAl (X=Ti, Zr, Hf, V, Nb, and Ta),
Ni2NbGa and Ni2NbSn, both at ambient conditions and under compression in chapter 3. Our
calculated ground state properties agree well with experimental and other theoretical results. From
these calculations, it is evident that at EF , the contribution to total electronic density of states (DOS)
is mainly from Ni-‘deg’ states with the admixture of Nb/X-‘dt2g ’ states in all the compounds. Nesting
features in FS are evident in all the compounds, and are found to be mechanically stable at ambient
conditions and under compression. The absence of imaginary frequencies in phonon dispersion
indicate the dynamical stability of the present compounds. Kohn anomaly is observed in TA2 mode
in Ni2NbX (X = Al, Ga and Sn) and Ni2VAl compounds which might be due to the nesting in the FS.
The computed Tc using Allen-Dynes formula agree well with the experimental results for Ni2NbX
(X = Al, Ga and Sn). Importantly, Ni2VAl is predicted to be a superconductor which has a Tc value
comparable to other Heusler compounds. From the calculated Eliashberg function (α2F(ω)) we have
observed that Ni atom contribution is more towards Tc in all the compounds. Under compression
we have observed changes in the band structure of Ni2NbAl, where we find an extra band to cross
the EF . In addition we also observed a pronounced softening in the Kohn anomalies existing in TA2
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mode under compression. This phonon softening again lead to softening in the phonon density of
states. A non-monotonic variation in the Tc under compression is noticed which is due to softening
of the lower frequency acoustic mode and phonon DOS. Among the compounds studied, we observe
that the variation in Tc under pressure is minimal in Ni2VAl. It will be of interest to experimentally
search for superconductivity in Ni2VAl and study its pressure dependence.
In continuation to chapter 3, we extended our interest towards Nb-based A-15 compounds Nb3Y
(Y = Al, Ga, In, Ge, Sn, Os, Ir and Pt). In chapter 4 we have discussed the electronic structure of
Nb3Y (Y = Al, Ga, In, Ge, Sn, Os, Ir and Pt) compounds both at ambient conditions and under
compression. In all the compounds it is observed that ‘d’ states of Nb atoms has dominant nature
at EF with admixture of ‘p’ or ‘d’ sates of Y atom. All the compounds are found to possess both
hole and electron FS. Parallel sheets are observed along X-Γ in the last two FS, which indicate
the nesting property in these compounds which is also confirmed from the calculated Lindhard
susceptibility plots, where sharp peaks are observed along X-Γ and at M point in the imaginary part
of susceptibility plots in all the compounds at ambient conditions. Under compression continuous
change in the FS topology is observed in all the compounds. For the given ETT’s corresponding
changes are observed under compression in the imaginary part of susceptibility and huge peaks are
found along X-Γ and at M point in Nb3Al. In Nb3Ga and Nb3In it is observed only along X-Γ.
In Nb3Ge, we have observed peaks at M, R and along X-Γ under compression. But in Nb3Sn the
peak is observed to decrease along X-Γ. The change in the band structure under compression lead
to the non-monotonic variation in density of states. Mechanical stability of these compounds is also
confirmed both at ambient conditions as well as under compression and non linear nature in C44
and Cs is observed in all the compounds under pressure. Further experiments are needed to realise
the continuous FS topology changes observed in these compounds.
In chapter 5, a theoretical description of phase transition of SnAs and SnSb compounds is
presented. The calculated structural properties are in good agreement with available experiments
and other theoretical reports. From this study, we have concluded that both SnAs and SnSb have
NaCl ground state and transforms to CsCl phase at high pressures. Total energy calculations
confirms a first order phase transition in both the compounds with a volume collapse of 4.34% and
6.31% in SnAs and SnSb respectively. The pressure values corresponding to the phase transition
are 37 GPa, 13 GPa for SnAs and SnSb compounds respectively. Fermi surface nesting feature
is observed and confirmed from the susceptibility calculations in both the compounds at ambient
conditions. Calculated Tc and λep values are in good agreement with experiments. At the transition
pressure, change in the band structure and FS topology is observed in NaCl-phase together with
a softening of the acoustic mode in NaCl type SnAs and SnSb and the same softening nature is
also observed in the CsCl-type SnAs and SnSb at the same transition pressure. Sudden drop in the
Tc and λep is observed in NaCl-type with increasing pressure. At the transition pressure around
two fold and four fold increase in the Tc is observed in CsCl phase with high λep of 1.08 and 1.55
for SnAs and SnSb respectively indicating strongly coupled superconducting nature in CsCl phase
which needs to be verified experimentally.
In addition to the above mentioned non-magnetic compounds, a study on the new magnetic
Zr2TiAl Heusler compound and Cu2Sb type Mn-based MnAlGe, MnGaGe and MnZnSb compounds
are presented in chapter 6. We have investigated the electronic, magnetic, elastic, and vibrational
properties of the Zr2TiAl compound at ambient pressure as well as under compression. The obtained
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structural parameters are in good agreement with the existing experimental data. We have deter-
mined that Zr2TiAl has antiferromagnetic ground state with ordering of spin-up and spin-down Ti
(111) layers with the magnetic moment on Ti atoms around ∼1.22 µB . The stability of the magnetic
phase is also confirmed from the calculated elastic constants and phonon dispersion relations. We
have also observed the magnetic to non-magnetic phase transition under compression due to the
disappearance of the Ti magnetic moment, which tends to zero at V/V0=0.75 (≈ 46 GPa). Three
ETT’s are observed at V/V0=0.96, 0.92 and 0.85, due to which a sudden drop in the magnetic
moment of Ti atom is observed under compression.
In the case of Mn-based compounds, a quasi two dimensional nature is confirmed in Mn-based
compounds from the Fermi surface calculations. Under compression decrease in the magnetic mo-
ment of Mn atom and change in the band and FS topology is observed in all the compounds. In
MnZnSb, negative values in the elastic constants are observed under compression, where we find
changes in band and FS topology correspondingly. These pressure values are in good agreement
with experiment and might indicate an ETT or a structural phase transition, which needs to be
verified elaborately. To confirm the phase stability, phonon calculations at ambient conditions and
at high pressures may be very much helpful as in the case of Zr2TiAl which need huse more com-
putational sources and can be taken as future work. In addition, similar calculations are needed
for computing the electron-phonon coupling of A-15 compounds, which also can form a part of the
future work.
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